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A  SniDY  OF  THB  PHYSIOLOGICAL  EFFECTS  OP  STfiONTIDM 

Strontiixm  belongs  to  the  group  of  alkaline  earths  and, 
therefore,    is  closely  related  chemically  to  calcium  and  nagnesium. 
It  Is  frequently  assumed  that  within  the  hody  strontlxun  exerts 
effects  similair  to  those  of  the  other  two  related  elanients. 

The  first  experimental  data  which  could  be  found  on   the 
substitution  of  calcium  by  strontium  and  magnesium  were   those  of 
Papillion  in  the  year  1870   (1).       Papillion  fed  one  pigeon  and  two 
rats  rice  and  gluten,   and  gave  in  addition  a  solution  of  calciiun 
chloride,   potassium  nitrate,  potassium  carbonate,   potassium  sulphate, 
and  the  phosphates  of  the  above  earths.       Just  which  salts  of 
strontium  and  magnesium,    and  the  amounts  of   these,  he  fed  are  not 
given.       He  obtained  the   following  results,    and  his  conclusions  were 
that  the  calcium  of   the  bone  could  be  replaced  by  strontium  or 
magnesium     or  other  alkaline  earth  or  earth  metals. 
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Pigeon 

Eat  I 

Eat  II 

ij'ood 

Strontitnn 

Iiiagnesium 

Alvmiinvim  Phosphate 

Dviration  of  feeding 

7  months 

70  days 

74  days 

In  bone  ash 

CaO           SrO 

CaO            MgO 

GaO                    AlO 

46.75^       8.45;;^ 

46.15;*     3,56% 

41.10^             6.95^ 

In  1872  H«  Welske  (2)  fed  rabbits  one  hundred  days  with 


hay  and  turnips.   His  experiments  were  made  on  eleven  groups  of  animals. 


One  was  a  control  group  which  received  no  added  mineral  salts.   Two 


groups  each,  one  of  gro\vn  animals  and  one  of  young  animals,  received. 


respectively,  calcium  phosphate,  magnesium  phosphate,  and  strontium 


phosphate. 


Weiske  was  not  able  to  find  one  trace  of  strontium  in  the  ash 


of  these  bones.   He  could  find  no  appreciable  change  in  the  ash  content 


of  his  animals  over  that  of  the  control  group.   The  results  of  his 


normal  and  magnesium  fed  animals  may  serve  to  illustrate  all. 
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Calcium  oxide 

liagneBluin 

1.  Bone  ash  of  normal  rabbits 

2.  Bone  ash  of  rabbits  receiving 
one  gm,  daily  of  magnesium 
phosphate 

53.94-53.77 
54.21-53,68 

1.06-1.23 
1.09-1.24 

In  1874  J.  Konig  questioned  this  work  (3).       He    thought 


that  n'eislce  probably  got  no  change  in  the  bone  ash  when  supplementary 


salts  were  added  because  the   food  contained  a  sufficient  amount  of 


normal  tone-building  elements,   and  any  excess  of  these  or  any  others 


were   simply  discarded  by  the  animal  body.       iilodem  investigations  do 


not  support  the  view  of  Konig  that  the  animal  body  can  effectively 


rid  itself  of  excessive  amounts  of  mineral   elements  without  unfavorable 


effects.       He  repeated  V.'eislce's  work,    giving  each  of  his  aninals  one 


hundred  grams  per  day  of  a  mixture  of  \\heat   gluten,    starch,    sawdust. 


and  carrots.       This  diet  is  very  low  in  its  mineral  content.       His 


results  are  interesting. 
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Diet 

Duration 

Percentage  Content 

in  hone   Ash 

CaO.      SrO. 

i^. 

H3P04 

Young  rabbits   (5  weeics  old) 

normal  diet. 

52.73}^ 

--— - 

1.62 

40.92 

lie.   1. 

Caloium  phosphate 

70 

days 

51.36 

--— 

0.70 

42.54 

No.  2. 

tt                  It 

73 

51.92 



0.82 

42.50 

No.  3. 

Strontium  phosphate 

23 

44.77? 

t).21 

0.64 

39.64 

No.  4. 

II                  II 

27 

49.27 

4.71 



40.68 

No.   5. 

II                  II 

20 

46.78 

5.37 

1.09 

39.47 

No.   6. 

llagnesiura  phospliate 

31 

51.60 



1.48 

39.51 

No.   7. 

II                  It 

82 

51.92 

1.68 

42.27 

This  criticism  of  iibnig's  led  vVelske  to  repeat  and  extend 


his  work  on  strontium  (4),       In  his  new  experiment  he  fed  four  groups 


of  rabbits  from  the   13th  of  October  \antil   the  10th  of  December.       One 


group  received  calcium-free  barley,    the  second  the  calcium-free  barley 


plus  strontium  phosphate,    the   third  the  calcium-free  barley  plus 


magnesium  phosphate,   and  the    fourth  received  normal  food.  It  is 


interesting  to  note  that  the   loss  in  body  wei^t  of  groups  one,    two. 


and   three  were  practically  identical,  and  that  the  percentage  loss  in 


VIQ 


ight  of  two  ani-nals  which  he  starved  to  death  was  no  greater  than 
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that  of  some  of  the  anlnials  receiving  the  no  calcium,    the   strontium, 
and  the  magnesium  diets. 

Weiske   took  pains  to  free   the  bones  which  he  used  for 
chemical  analysis  from  fat  and  marrow  elements,  but  again  he  was 
unable  to  demonstrate  any  strontium  in   the  bone  ash,   and  the  magnesium 
content  of  the  ash  of  the  animals  receiving  the  magnesium  phosphate 
diet  had  no  increase   of  inagnesixira  over  the  noirmal.       Ke  criticises 
Aonig's  results  on  two  grounds.       First,  he  says  that  all  the   strontium 
which  Konig  found  might  possibly  have  been  in   the   fat  and  narrow  elements 
of  the  bone,   and  secondly,    that  the  analytical  method  used  by  Xonig  was 
probably  faulty. 

Both  criticisms  are  weak  in  that  V»'eiske  does  not  prove   that 
strontium  was  present  in  the  marrow  elements,   and  the  differences  v^iich 
he  describes  between  his  own  method  of  analysis  and  ilonig's  are 

insignificant. 
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The  method  which  Konig  used  is  in  vogue  to-day  as  a 
government  method,  and  Its  sources  of  error  v.ill  be  discussed 
later  under  'Chemical  Methods". 

Previous  to  this,  Weiske's  experiments  concerning  the 
role  of  calcium  and  phosphoric  acid  in  bone  formation  led  him 
to  question  if  the  content  of  these  two  elements  in  the  diet 
could  not  be  varied  in  such  a  manner  as  to  produce  riclcets  and 
osteomalacia.   In  1873  Wsiske  and  Wildt  (5)  arrived  at  the  far 
reaching  conclusion  that  rickets  was  caused  by  a  lack  of  certain 
mineral  elements,  particularly  calcium. 

These  experiments  of  Weiske's  excited  considerable 
attention.   Other  v/orkers  experimented  with  calcium  low  diets, 
and  in  nany  cases  reported  tliat  rickets  or  rickets-like  conditions 
were  produced, 

Miwa  and  Stoeltzner  (6)  raised  the  question  at  this  point 


-7- 


as  to  whether  riclcets  could  te  identified  merely  by  clinical 
observation  or  even  by  the  gross  anatomical  findings.   They 
conducted  an  experiment  v^iich  was  intendea  to  prove  v/hether  the 
conditions  reported  by  the  various  observers  were  due  to  rickets 
or  some  otiier  pathological  condition  of  the  bones. 

They  fed  normal  growing  dogs  on  horse  flesh  and  fat. 
The  animals  were  maintained  on  the  diet  six  months.   At  the  end 
of  that  time  the  legs  were  bowed,  and  there  were  narked  epiphyseal 
swellings  and  beads  at  the  costoohondral  junctions.   The  animals 
walked  with  very  great  difficulty.   The  authors  say  "Das  Bild 
entsprach  in  seiner  ausseren  Krscheinung  durchaus  dem  bei  der 
Rachitis". 

However,  the  authors  pronounced  the  disease  not  rickets 
but  a  generalized  osteoporosis  with  rickets-like  changes  in  the 
periosteum  and  lack  of  calcification  of  the  proliferating  cartilage 
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They  arrived  at  this  conclusion  because  of  the  following  histo- 
logical findings.   A  generaliiied  and  excessive  amount  of  osteo- 
porotic tissue,  the  presence  of  cartilage  and  of  osteophytes  in 
the  periosteiOT,  a  slight  irregularitj?  of  the  zone  of  ossification, 
a  broadening  of  the  band  of  proliferating  cartilage  (about  double 
that  of  normal  width),  the  loss  of  regular  arrangement  of  the 
cartilage  trabeculae  in  the  growth  border,  the  pushing  back  of  the 
cartilage  matrix  by  the  very  abnormally  large  cartilage  cells,  and 
finally,  a  normal  amount  of  provisional  calcification  of  the 
cartilage. 

In  order  to  differentiate  the  above  picture  from  that  of 
rickets  they  summarize  the  outstanding  ch-aracteri sties  of  rickets 
as  being,  first  and  foremost,  a  great  excess  of  osteoid  tissue; 
second,  lack,  or  almost  complete  lack,  of  provisional  calcification; 
third,  irregularity  in  the  arrangement  of  the  various  tissue  structures 
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In  the  zone  of  ossification;  and  last,  the  proliferation  of  th© 
periosteum  and  Its  impregnation  with  osteophytes  and  cartilage, 
and  the  broadening  of  the  proliferating  cartilage  border. 

Von  Cremer  (7)  fed  animals  a  low  calcium  diet  and  gave 
in  addition  strontium  phosphate*   He  says,  "das  Bild  in  vlelen 
Punlcten  dem  bel  der  echten  Rachitis  ahnlich  war".   Furthermore, 
he  was  unable  to  detect  any  difference  between  his  strontium  fed 
animals  and  his  low  calcivun  ones. 

In  1909  Lehnert  took  up  the  study  of  the  production  of 
experimental  rickets  by  the  addition  of  strontium  to  a  low  calcium 
diet.   In  discussing  the  literature  he  cites  an  experiment  by 
Xorsakov  (8)  in  which  Korsakov  fed  strontium  to  two  pregnant 
animals,  one  for  twenty-eight  days  and  the  other  for  fifty  days 
prior  to  delivery.   The  mothers  remained  in  good  condition,  but 
the  young  showed  characteristic  symptoms  of  congenital  rickets* 
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The  legs  were  bowed  and  the  bones  fractured  aind  flexible.  All 
the  bones  v;ere  porous  and  contained  much  osteoid  tissue,  '?he 
csurtilage  showed  lut  little  of  the  characteristic  rachitic  picture. 

KorsaJcov  was  unable  to  find  any  strontium  in  the  bones 
on  chemical  analysis. 

The  lack  of  detailed  information  concerning  Xorsakov's 
work  prevented  Lehnert  from  arriving  at  any  definite  conclusions 
In  regard  to  it.   The  description  of  the  relatively  large  amount 
of  osteoid  tissue,  the  pronounced  tending  of  the  leg  bones,  together 
with  the  occurrence  of  disturbances  at  the  proliferating  cartilage 
borders,  was  one  which  certainly  pointed  to  a  rachitic  condition. 

Also  he  was  interested  in  a  report  by  Wegner  1 9)  that 
when  elemental  phosphorus  was  added  while  feeding  a  low  calcium 
diet,  the  picture  obtained  was  somewhat  similar  to  that  of  human 
rickets*  the  chief  difference  seemingly  being  in  the  arrangement 
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and  distribution  of  the  osteoid  tissue.   .Vegner  gave  to  the 
condition  viiich  he  found  the  name  of  "Phosphorslcleroae". 

With  this  data  before  him  Lehnert  undertook  a  careful 
study  of  the  effect  of  additions  of  strontium  phosphate  (8,9)  to 
the  food.   Six  of  his  animals  were  five  weeks  old  puppies.  One 
received  lev/  calcium  food;  the  second, lov/  calcium  food  plus  calcium 
phosphate;  the  third  and  fourth,  low  calcium  food  plus  strontium 
phosphate;  the  fifth,  customary  food  plus  strontium  jjhosphate;  £ind 
the  sixth,  customary  food  plus  strontium  phosphate  plus  calcium 
phosphate.   Also  he  fed  a  pregnant  dog  food  low  in  calcium  and 
strontium  phosphate.   Three  of  the  young  were  nourished  by  the 
mother  for  two  weeks.   In  another  experiment  he  fed  four  pregnant 
rabbits  their  customary  food  with  the  addition  of  strontium  phosphate. 
The  thirty-two  young  bom  were  studied  histologically.   if'inally, 
he  fed  a  grown  dog  for  six  months  his  customary  food  with  large 
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dosee  of  strontivun  phosphate. 

He  found  that  some  of  the  yoting  of  the  strontlvim  fed 
rabbits  \rtien  bom  had  very  bowed  legs  and  showed  other  external 
appearances  of  rickets.   The  rest  appeared  to  be  normal.   Some 
of  the  young  after  nursing  also  showed  deformities  of  the  bones. 
Lehnert  concluded  that  strontium  may  enter  the  animal  body  through 
both  the  blood  and  the  milk. 

Histological  examination  showed  an  increase  of  osteoid 
tissue,  and  some  disturbance  of  the  proliferating  cartilage  border. 
There  was  lacking  the  typical  rachitic  irregularity  of  the  proli- 
ferating cartilage  and  abnormal  vascularization  of  the  epiphyseal 
cartilage.    There  were  many  osteoblasts.   Also,  provisional 
calcification  was  at  hand. 

In  his  discussion  of  his  data,  Lehnerdt  cites  a  theory 
proposed  by  Stoeltzner  as  to  the  cause  of  the  differences  in  conditions 
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glving  rise  to  osteoporosis  and  rickets.       Stoeltzner  says  that  an 
osteoporotic  condition  arises  when  there   is  an  insufficient  axnount 
of  calcium  to  build  normal  bone.       The  osteoblasts  build  into  bone 
as  much  of  the  osteoid  as   is  possible  with   the  calcium  v^lcK  they 
have  at  their  disposal.       As   the  bone  grov;s  and  greater  amounts  of 
calcium  are  demanded,   part  of  the  bone  already  formed  is  resorbed 
and  the  calcium  redistributed.       Thus,    the  bone  grows  progressively 
more  porous  and  spongy.       In  true  rlclcets  the  osteoid  tissue  Is  not 
able   to  take  up  calcium,   although  caloltim  is  present  In  sufficient 
amounts. 

The  chief  resemblance  of  Lehnerdt^s  histological   sections 
to  the   sections  of  true  rickets  lay  chiefly  in  the   large  amo\int  of 
osteoid  tissue  present.       He  believed  that  this  osteoid   tissue  was 
calcium  absorptive  and  remained  only  partly  uncalcified  because   the 
calcium  at  hand  was  not  sufficient  for  the   calcification  of  nev;ly 
built  bone   tissue. 
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The  evidence  available   from  Lehnerdt's  experiments  v/ould 
Beem  to   indicate  that  this  was  true*        It   is  evident,   however,    from 
the   studies  of  LicGollum,    Simmonds,   Shipley  and  Park  (10)    that  a 
diet  containing  about  0.3  per  cent, or  three- fotirths  the  optimum 
amount  of  phosphorus,   and  an  excessive  amount   of  calcium  (1.12  per 
cent), leads,   because  of  the  unfavorable  ratio  between  calcium  and 
phosphorus,    to   the  development  of  a  wide  metaphysis,    free  from 
calcium  salt  deposits.        This  is  a  situation   in  vdiicb  an  excess 
of  calcium  prevents  the  deposition  of  calcium  salts,  whereas  with 
the  same  content  of  phosphorus  in   the  diet  and  v/ith  a  lower  content 
of  calcium  (an  improved  calcium: phosphorus  ratio)    calcium  deposition 
is  possible.       Lehnerdt  was  not  aware  of  the   importance  of  the  ratios 
between  these  elements  in  its  relation  to  calcium  salt  deposition  in 
the  growing  bone. 

Lehnerdt's  descriptions  and  conclusions  are  interesting  in 
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the   light   of  present  day  experiments  with  rickets.        It   is  to  be 
observed  that  the  diets  on  which  he  obtained  his  psexido- rachitic 
picture  were    those  v/hich  were    lov;  in  calcium  and  hi^  in  phosphorus. 
I!is  rabbits  received  o  ts,  bran,  beets,   potatoes,   and  green  food. 
All  of  these  foods  are  lo7/  in  calcium,    the  fresh  foods  are  also   low 
in  phosphorus,   but  the  oats  and  bran  are  fairly  hi^,   containing 
0.38  and  1.35  per  cent,   respectively.       lacGollum,   Simraonds,    Shipley 
and  Park  (11)   have  determined  by  experiment  that  a  content  of 
phosphorus  in   the   form  of  phosphate  eqxaal   to  0.4  jer  cent     and  a 
content  of  calcixim  equal  to  0.64  per  cent  of  the  food  represent 
approximately  the  optimal  concentration  of  these  elements  for  t?ie 
nutrition  of  the  rat.       The  addition  of  strontium  phosphate  in 
Lehnerdt's  ex^'eriments  markedly  increased  the  phosphate  ion.       His 
dogs  received  horse  flesh  and  fat.       The  fat  probably  contained  no 
more  than  traces  of  phosphorus,  and  no  calcium.       One  hundred  grams 
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of  lean  meat  contains  about  3  mgs.  of  calci-um  and  220  mgs.  of 
phosphorus.       So  it   is   seen  that  in  the  dogs'  rations  also   the 
phosphorus  was  greatly  increased  over   that  of  the  calcium  by  the 
addition  of  strontium  phosphate, 

Lehnerdt  could  detect  little  difference  between   the 
animals  Ti*ich  received  calcium  phosphate  and  the  control  animals 
which  recaived  normal  food.       His  description  of  his  sections  from 
those  animals  vihich  received  the   low  calcium  -  strontium  phosphate 
diets  resembles  in  certain  particulars  one  given  by  Shipley,  Park, 
McGollum,  and  SimmondB   (13)   of  sections  obtained  from  rats  v/hich  had 
received  a  low  calcium,   optimal  phosphorus  diet  deficient  in  the  anti- 
rachitic factor.       The  description  of  the  latter  is  as   follows: 

When  the  diets  in  vfi^ich  the  calcium  was  deficient,   the 
phosphorus  at  a   level  not   far  from  the  optimal,   and  the   calcium: 
phosphate  ratio   low,    were  fed  to  rats,    a  diseased  condition  of  the 
slceleton  developed  which  also  bore  marlced  reserab lances  to  the   lesions 
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found  in  the  rickets  of  ha-ian  beings.   fhe   gross  deformities 
caused  by  the  diets  of  this  type  were  as  great  or  greater  than 
those  caused  hy   diets  low  in  phosphorus  and  hi^.  in  calcium,  and 
corresponded  exactly  to  the  deformities  found  in  rachitic  children. 
The  thorax  was  deformed;  it  was  flattened  from  side  to  side  and 
marked  by  deep  grooves  which  follov;ed  the  costochondral  jujictions; 
the  angular  deformities  produced  at  the  Junction  of  the  costal 
cartilages  and  the  shafts  projected  into  its  interior;  the  costo- 
chondral jiinctions  were  enlarged  and  greatly  distorted;  fractures 
in  the  shafts  of  the  ribs  were  especially  niimerous.   The  lower 
ends  of  radius  and  ulna  were  enlarged,  as  were  also  the  ends  of  all 
the  long  bones  of  the  extremities,  and  the  bones  w-re  extremely  soft 
and  weak,   between  the  cartilage  and  the  shaft  was  a  v*iite  inter- 
mediate zone  one  to  three  millimeters  deep.   Microscopic  examination 
showed  that  the  cartilage  was  entirely  or  nearly  free  from  calcium 
and  was  invaded  in  an  irregular  manner  by  the  vascular  elements  of 
the  shaft.   In  consequence,  the  cartilage  e  tended  toward  the  shaft 
in  irregular  rrolongations.   The  cells  of  the  cartilage  in  proximity 
to  the  sliaft  showed  evidences  of  degeneration  and  metaplasia.    The 
intermediate  zone  was  composed  of  cartilage  in  a  more  or  less 
degenerated  state,  osteoid  trabeculae,  blood  vessels  surrounded  by 
raarrov,'  elements,  and  a  few  deposits  of  caloium  for  the  most  part 
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situatad  near  the  periphery  and  connective  tissue.   The  trabeculae 
of  the  shaft  were  bordered  by  rather  broad  zones  of  osteoid.    A 
loosely  arranged  fibrous  tissue  invested  many  of  the  trabeculae  and 
in  those  places  in  which  it  filled  in  the  spaces  between  the  trabeculae 
it  gave  rise  to  histologic  pictures  wSiich  closely  resembled  those 
ftimished  by  the  fibrous  "larrow  in  the  rickets  of  human  beings. 

The  pathologic  condition  induced  in  the  bones  by  this 
type  of  diet  did  not,  however,  correspond  at  all  points  to  that 
usually  found  in  the  hiinian  subjects  of  the  disease.   The  metaph^'sis 
was  connosed  in  larger  part  of  osteoid  trabeculae.   Though  these 
osteoid  trabeculae  were  free  from  calcium  deposition,  they  neverthe- 
less retained  a  certain  se:nblance  of  orderly-  arrangement.    The 
osteoid  zones  about  the  trabeculae  v;ere  not  always  so  broad  as  in 
the  rats  on  the  diets  of  the  hi^i  calcium,  low  phosphorus  type, 
though  they  were  quite  as  broad  as  the  osteoid  borders  in  the  bones 
of  rachitic  children.   Hesorptive  activity  was  exceedingly  marked. 

The  abnormal  condition  of  the  skeleton  produced  by  this 
type  of  faulty  diet  corresponded  to  that  found  in  human  beings  with 
rickets  in  all  fundamental  respects,  namely,  the  degenerative  and 
metaplastic  changes  of  the  cartilage,  the  complete  absence  or 
defective  character  of  the  calcification  of  the  cartilage,  an  abnornal 
amount  of  osteoid  production,  irregular  invasion  of  the  cartilage,  and 
the  production  of  a  rachitic  intermediary  zone. 
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These  investigators  believe   that  rictets   is  produced  by 
an  vnfavorable  balance  in  the  calcium  and  phosphate  ratio,   together 
vd.th  a  deficiency  of  an  unloiown  organic  factor.         When  a  diet  is 
given  which  is  high  in  calcium  and  low  in  phosphorus,    and  lactdng 
the  substance  exerting  an  anti-rachitic  effect,  rickets  is  produced 
which  resembles  in  every  respect  that  fouiid  in  human  beings.       'ifthen 
the  phosphorus  is  high  and   the  calcium  low,    the  above  picture  is 
obtained.       This  differs  in  only  a  few  and  relatively  non-essential 
details  from  that  of  the  rickets  which  is  generally  agreed  upon  to 
be  genuine.       Since   this  type  of  lesion  can  be  neither  osteoporosis, 
nor  osteosclerosis,  and  since   in  every  clinical  respect  the  disease  is 
indistinguishable   from  rickets,    Shipley,    Park,    McGollum  and  Siramonds 
(13)   believe   that   there  are   two  main   types  of  rickets,    the    second  being 
characterized  by  the  above  picture. 

Lelinerdt  particularly  mentions  the   large  sunount  of  osteoid. 
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the  intrusion  of  the  osteoid  netv^ork  into  the  marrow  cavity  and  its 


resemblance  to  Wagner's  phosphorus  sclerosis.    He  asserts  that  the 


sclerosis  induced  by  strontium  feeding  is  identical  with  that  caused 


by  feeding  elemental  phosphorus,  and  that  it  has  nothing  to  do  with 


rickets.   It  seeras  that  the  condition  induced  by  Lelmerdt  rather 


than  being  "strontium  sclerosis"  may  possibly  have  been  this  second 


type  of  rickets.    Since  practically  this  same  picture  may  be  obtained 


without  the  addition  of  strontium,  the  question  natxirally  arises  as  to 


whether  the  strontium  had  any  specific  effect  on  the  bones. 


The  bones  of  Le}inerdt's  experimental  animals  were  examined 


by  Stoeltzner  (14).   Her  results  are   summarized  in  the  following  table. 


Gesamter  Xnochen 

GaG03+SrG03 

GaCOg 

SrCOg 

Kalkarm  rait  Sr3(P04)2 

(trachtige  P.'undin) 
Junges  A  u.  B. 
Junges  C 

Hachitischer  rinochen 
Norma  ler  I<Inochen 

55.68 
44.51 
47.34 

50.74 
37.10 
36.29 
32.18 
57.29 

2.17 
6.41 
6.08 
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With  the  diversified  and  conflicting  data  before  us,  and 
in  li^t  of  improved  feeding  and  chemical  teclinique,  it  seemed  quite 
worth  wJiile  to  investigate  the  specific  effect  of  strontium  on  the 
animal  body,  particularly  on  the  skeletal  system.   In  order  to  do 
this  three  series  of  e.-.periments,  -  chemical,  physiological,  and 
histological,  have  been  planned,  which  are  intended  to  answer  the 
following  questions. 

Series  I. 

1*   Is  strontium  deposited  in  the  bones  of  the  body? 

2*   At  Ydiat  rate  is  strontium  deposited,  and  does  this 
deposition  reach  a  limit, 

3.  ■'■8  strontium  retained  in  the  bone  permanently,  or  is 
it  rejected  vfcen  the  animal  receives  normal  calcium- 
containing  food? 

4.  Does  the  age  of  the  animal  affect  this  deposition? 

5.  Is  strontium  deposited  when  an  animal  is  receiving  an 
optimal  amount  of  bone-forming  minerals? 

6.  Through  what  paths  does  strontium  enter  the  skeletal 
system? 
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Series  II. 


1.       Does  strontiaii  have  a  specific  physiological  effect 
on  the  animal  body? 


Series  III. 

1.  Does  strontium  have  a  specific  effect  on  the  histology 
of  the  bone? 

2.  Are  the  changes  in  the  bones   slowly  or  quickly  produced? 

3.  Are  the  changes  produced  in  the  bones  permsurient? 

Order  of  Experiment. 
In  order  to  answer   the  qi»stion  of  these  series,   ezperiments 

were  carried  out  as  followsj 


Series  I. 

1.  Two  and  two-tonths  per  cent  of  strontium  was  added  to  a 
ration  "Knov.-n  to  be   satisfactory  in  every  respect  except 
that  it  was  low  in  calcium.       This  was  fed  to  five  rats 
xantil  they  died.       The  large  bones  were  removed  and 
quantitative  analyses   for  calcium  and  strontitun  made. 

2.  (a)      Young  animals  were  fed  the  above  ration,   and  killed 
at   intervals  of  three  days.        The   last  animal  to   be  killed 
in  this   series  received  the  ration  for  thirty-one  aays. 
The  bones  were  analysed  for  calcium  and  strontium. 

(b)      Young  animals  received  the  ration  for  one,    two,    three, 
and  four  days  respectively.        The  bones  were  analysed  for 
calcium  and  strontium. 
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(c)  Two  pregnant  rats  were  on  the  atove  diet  for  thirteen 
and  twenty-one  days  respectively.   One  mother  was  killed 
and  foiir  young  renioved  from  the  uterus.   The  second  mother 
was  killed  and  seven  young  taken  from  the  uterus.   In  each 
case  the  ash  was  examined  for  strontium  and  calcium. 

(d)  Another  was  on  the  above  diet,  to  ^ich  1.5  per  cent 
calcium  carbonate  had  been  added  for  ten  days  rrlor  to 
delivery.   The  animal  was  killed  and  seven  young  removed 
from  the  uterus  and  ashed.   The  ash  was  examined  for 
strontiTom  and  calcium. 


Series  II. 


1.   Four  different  groups  of  ani'-nals  were  maintained  on  four  diets 
which  were  11)  satisfactory,  (2)  satisfactory  except  for  a 
deficiency  of  calcium,  (3)  satisfactory  except  for  a  deficiency 
of  calcium  and  an  addition  of  strontium,  and  (4)  satisfactory 
except  for  an  addition  of  strontium. 

The  general  appearance,  posture,  growth  curves,  size, 
length  of  life,  and  appearance  of  organs,  bones,  teeth,  and 
types  of  lesions  were  studied  and  compared. 


Series  III. 


1.  A  comparative  study  was  made  of  histological  sections  from 
the  tibia  of  animals  receiving  four  diets.   The  first  of 
these  was  satisfactory  in  every  respect.   The  remadning  were 
satisfactory  except  (1)  a  deficiency  of  calcium,  (2)  a 
deficiency  of  ctlcium  plus  the  aadition  of  strontium,  and  (3) 
the  addition  of  strontium, 

2.  Sections  frota  the  rats  which  were  maintained  on  above  diets 
and  killed  at  four  day  intervals  were  studied. 

3.  Sections  were  studied  from  the  rats  vAiich  had  received  the 
low  calcium  plus  strontium  carbonate  diet  for  thirty-one  days 
and  then  maintained  on  a  normal  diet.   The  animals  were  killed 
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at  sucoeBsive  periods  of  two  weeks,    the   last  one  studied 
having  received  the  normal  diet  for  twelve  weeks. 


Chemical  Procedure. 

Since  this  work  is  based  largely  on  analytical  data,    it 
seems  proper  that  the  methods  employed  should  be  stated  in   some 
detail.       No   satisfactory  method  for  the  complete   analysis  of  tone 
ash  containing  strontium  is   to  be  found  in   text-books.      The  problem 
is  one  of  peculiar  difficulty  because  of  the  presence   of  phosphates 
and    the  high  content  of  calcium  with  the  magnesixim  and  strontium, 

ilcCrudden's  method  for  the  determination  of  calcium  and 

magnesium  in  the  presence  of  phosphates  was,   with   some  modifications, 

followed.        Strontium  was  separated  from  the  calcium  and  magnesium 

according  to  Treadwell  and  Hall   (15).        The  procedure   follows: 

Bone  sufficient   to  give  alout  one  gram  of  ash  was  used. 
The  ash  was  dissolved  in  concentrated  hydrochloric  acid,  and  the 
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▼oltime  made  up  to  about  500  cc.   One  drop  of  alizsu-lna  red  vras 
added,  the  solution  made  just  alkaline  vdth  a-nmoniiun  hydroxide, 
then  just  acid  with  hydrochloric  acid.   Twenty  drops  of  concen- 
trated hydrochloric  acid  and  1.5  gms.  ammonium  chloride  were  added, 
the  solution  was  brougJ-it  to  boiling,  and  about  1.5  grs.  of  oxalic 
acid  (or  2.5  times  enough  to  precipitate  all  calcivim  present)  were 
added  with  vigorous  stirring.   After  cooling  to  room  temperature 
the  solution  was  neutralized  to  congo  red  with  20  per  cent  sodium 
acetate  (about  20  cc),  and  allowed  to  stand  over  night.    The 
precipitate  was  then  filtered  off  and  ignited.   The  ignited  precipitate 
was  dissolved  in  nitric  acid,  placed  in  a  special  lithium  apparatus 
flask  (according  to  Treadwell  and  Hall)  and  carefully  evaporated  to 
dryness  before  placing  in  an  oil  bath.    It  was  dried  in  oil  bath 
at  140°  0,  with  a  current  of  warin  dry  air  passing  over  it  for  1  l/2 
hours.   This  precipitate  contains  the  calcium  and  the  greater  part 
of  the  strontium.   About  10  oc.  of  absolute  alcohol  were  added  to 
the  precipitate,  and  the  flask;  shaken  at  intervals  for  one  hoiir,  then 
10  cc.  of  anhydrous  ether  were  added  and  the  .fixture  allov/ed  to  stand 
over  ni^t.   The  calcium  nitrate  is  dissolved  and  the  strontium  nitrate 
remains  as  a  precipitate  by  this  procedure.   The  strontium  precipitate 
was  filtered  off,  dissolved  in  warm  water,  and  precipitated  as  strontium 
sulphate  by  the  addition  of  a  small  amount  of  dilute  sulphuric  acid. 
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An  equal  volume  of  alcohol  was  added  and  the  mixture  allowed  to 
stand  over  night.   It  was  then  filtered  and  the  filtrate  washed 
first  v.lth  fifty  per  cent  alcohol  containing  a  few  drops  of 
sulphuric  acid,  then  finally  until  free  from  sulphate  with  ninety- 
five  per  cent  alcohol.   The  calcium  contained  in  the  absolute 
alcohol-ether  filtrate  was  precipitated  as  the  oxalate,  ignited,  and 
weighed  as  calcium  oxide. 

The  filtrate  from  which  the  calcium  and  strontium  oxalates 
were  first  separated  was  evaporated  to  a  s-aall  voliame,  digested  with 
nitric  acid  to  reniove  the  oxalate,  and  the  strontium  in  the  solution 
was  precipitated  as  strontium  sulphate  ty  the  same  procedures  as  that 
described  above.  The  amount  obtained  by  this  determination  was 
added  to  that  obtained  for  strontiam  in  the  preceding  determination. 

It  is  very  necessary  in  this  method  of  analysis  to  use 
absolute  alcohol  and  anhydrous  ether  for  the  separation  of  the 
strontium  and  calcium  nitrates.   Very  small  amoxmts  of  water  in 
one  or  the  other  of  these  reagents  will  dissolve  the  strontium  nitrate. 

It  seems  very  likely  that  this  may  have  been  the  cause  for 
Wildt'8  not  obtaining  any  strontium  by  his  analyses.   In  his  discussion 
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of  his  method  he  omits  any  statoment  to   the  effect   that  he  used 

absolute  alcohol  and  ether. 

The  possible  errors  In  the  separation  of  the  calcium  from 

the  strontium  in  plant  ash  are  discussed  by  notinson,    Stelnicoening 

and.  iUller   (16)   of  tlie  United  States  Department  of   lgrlcult\ire.     They 

say: 

"The  determination  of  strontium  in  plant  ash  is  not 
satisfactory.   A  large  amount  of  calcium  is  always  present,  a  fact 
wiiich  necessitates  a  large  volume  in  which  the  precipitation  is  to 
be  made.   It  seems  probable  that  a  considerable  portion  of  the 
small  amount  of  strontium  present  escapes  precipitation  in  both  the 
sulphate  and  oxalate  separations.   Further,  some  strontium  nitrate 
is  probably  dissolved  by  the  comparatively  large  amount  of  absolute 
ether-alcohol  T^hich  must  be  used  to  dissolve  the  calcium  nitrate  and 
completely  wash  it  from  the  strontium  nitrate.   An  error  in  the 
other  direction  arises  through  the  difficulty  of  washing  the  strontium 
nitrate  free  from  calcium  salts." 

Thus  it  seems  that  the  possibilities  for  error  in  the 
determination  of  strontium  are  much  greater  for  too  low  rather  than 
for  too  high  results. 
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Demonstratlon  of  the  Depoaltlon  of  Strontium  In  the  Bones 

In  order  to  determine  If  strontium  Is  deposited  In  the 

bones,  five  rats  were  fed  the  following  ration  until  they  died. 

This  ration  shall  hereafter  be  designated  as  Hation  I. 

fiation  I* 


Per  C' 

Liver 

20.0 

Casein 

10.0 

NaGl 

1.0 

KGl 

1.0 

SrCOg 

2.2 

Butter  fat 

3.0 

Dextrin 

62.8 

The  bodies  were  boiled  for  three  hours,  after  which   the 
flesh  was  easily  removed  from  the  bones.       %hen  the "percentage  of 
ash"deter"!ination  was  made  the  bones  were  weighed,   after  being 
dried  in  an  oven  heated  to  100°  C  for  six  hours.       The  bones  were 
then  ashed  in  an  electric  muffle  heated  to  redness  for  one  hour,  and 
the  residue  weighed.       The  chemical  analyses  were  made  on  the  ash, 
and  percentages  calculated  in  terms  of  this  constituent.       The  results 
of  this  work  are  tabulated  in  Table  I. 
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Per  cent  of  Calcium  auid  Strontium  Obtained  from  Bones  of  fiats 
on  a  Diet  Containing  2.2  Per  cent  of  Strontium 
Gartonate.      (fiation  I) 


Days  on  diet 

Calcium 

Strontium 

before  death 

in  ash 

in  ash 

24 

32.05 

7.99 

24 

31,78 

7.98 

53 

31.68 

7.25 

65 

31.33 

7.48 

62 

31.61 

7,46 

These  results  seem  to  indicate  that  death  occurs  «iien 


the  strontium  in  the  body  reaches  a  limit. 


Bate  of  Deposition  of  Strontium. 


In  order  to  determine   the  rate  at  which  strontium  is 


depo si ted»  young  animals  were  fed  on  Bation  I,   and  killed  at  three 


day  intervals.       These  results  are   tabulated  in  Table  II. 
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Table  II 


affect  on  Composition  of  the  Bones  of  Young  Hats  iieoeiving  fiation  I 


Days  on 
diet 

Weight  when 
put  on  diet 

Weight 
when  Id.  lied 

Percentage 
calcium  in 
ash 

Percentage 
strontium 
in  ash 

0 

80 

36.63 

0 

4 

89 

85 

2.61 

7 

63 

59 

4.04 

10 

92 

79 

33.84 

4.41 

13 

102 

115 

33.49 

4.50 

16 

101 

110 

5.25 

19 

100 

126 

33.28 

5.10 

22 

96 

124 

32.34 

5.35 

25 

93 

116 

Lest 

28 

96 

102 

5.67 

31 

81 

92 

32.66 

5.97 

Several  interesting  facts  are  to  be  observed  in  this  table. 
The  strontitan  is  deposited  very  rapidly  and  regularly,  and  as  the 

strontium  increases  the  calcium  decreases.       The  total  amount  of 

ash  remains  essentially  unchanged.     This  is  graphically  showi  In 


the   following  curves. 
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Curvea  Showing  Increase  of  Strontium  and  Decrease  of  Calcium 
in  the  Ash  of  the  Bones  of  iiats  Heceiving 
Bation  I« 
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Permanence  of  Strontium  Deposition 


To  detemiine  if  strontium  remains  in  the  bone  permanently 


a  group  of  young  rats  was  given  Eation  I  for  thirty-one  days.  After 


that  period  they  were  placed  on  a  ration  consisting  of 
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Ration 

17 

Per  cent 

Liver 

20.0 

Casein 

10.0 

NaCl 

1.0 

KCl 

1.0 

CaCOg 

1.5 

Butter  fat 

3.0 

Dextrin 

63.5 

This  ration  we  shall  call  Batlon  17.       So  far  as  csm 
l>e  determined  It  is  satisfactory  in  all  respects  for  the  nutrition 
of  the  rat.       It  contains  the  optinnim  amounts  of  mineral  consti- 
tuents,  proteins  of  good  quality,   and  the  unknown  accessory  factors. 
It  is   to  be  observed  that  the  only  difference  between  xtation  I  and 
Nation  17  Is  that   the  strontitim  carbonate  of  fiation  I  is  replaced 
here  by  calcium  carbonate,   the  small  difference  in  the  weights  of 
these  being  made  up  by  dextrin.       When  molecular  weights  are   ta^cen 
into  consideration  it  requires  2.2  gms.  of  strontium  carbonate  to 
give  the  same  number  of  molecules  as  1.5  gms.  of  calcium  carbonate. 

Chemical  analyses  were  made  of  the  bones  from  two  rats* 
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one  Tnhich  had  teen     on  Ration  17  (strontium-free,   calcitun- 
containing  diet)    for  eight  weeks,  and  one  v^iich  had  been  on  the 
ration  for  fourteen  weeks. 

Table  III 
Effect  on  Composition  of  the  Bones  of  Hats  which  had  received 
Eation  I  for  Thirty-one  Days,    then  had  been  given 

nation  IV. 


Weeks  on 
Ration  IV 

Percentage 
ash 

Percentage 
calcivun 

Percentage 
strontium 

6 
14 

63.1 
66.4 

36.26 
37.03 

1.50 
1.03 

The  results  indicate  that  strontivim  is  throva  out  of 


the  bone,  but  that  at   least  the   last  portions  are  gotten  rid  of 


slowly.       Observe  that  the  percentage  of  ash  and  of  calcium  liave 


reached  the  normal   in  the  bones  of  the  rat  receiving  the  satis- 


factory diet  for  fourteen  weeks. 
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The  Effect  of  the  Age  of  the  Anlnal   on  Strontivtm  Deposition* 


In  order  to  determine  if  the  tones  of  mature  animals 


were  affected  by  strontium  to  the  same  degree  as   the  yoxmg  ones. 


rats  weighing  between  150-180  grams  were   fed  Bation  I.  They 


were  killed  at  four  day  intervals.       The  results  are   tabulated 


below. 


Table  17 


Effect  on  Composition  of  Bones  of  Srown  flats  by  Feeding  a  Diet 
Low  in  Calcium,  High  in  Phosphorus,  and  Containing  2»Z 
Per  cent  of  Strontitm  Carbonate   Illation  I) 


■ 

Days 

on 

diet 

Percentage 
of  ash 

Percentage 
of  calcium 
in  ash 

Percentage  of 
strontium 
in  ash 

4 

65.2 

1.33 

8 

65.7 



2.28 

11 

62.1 

34.09 

2.76 

15 

63.5 

33.52 

3.40 

19 

62.8 

34.35 

4.07 

Normal  bone 
(stock 
animals) 

10 

mos. 
old 

66.1 

37,7 

0.0 

-2b' 


Again  the   strontliun  of  the  ash  vas  increased  and  the 
oalcivim  decreased  as  the  feeding  continued,   but  these  changes 
did  not   take  place   so  rapidly  as  in  the  younger  animals.     This 
might  be  expected,    since,    in  general,   the  young  and  rapidly 
metabolising  tissue   is  more   susceptible    to  a  change  of  condition 
of  any  sort  than  the  nature  one.       The  curves  af  :"ord  a  graphic 
comparison  of  the  rates  of  deposition  of  the  strontium. 

Curves  Showing  the  Bate  of  Deposition  of  Strontium  in 
the  Bones  of  Young  and  Mature  Hats. 


4 


*3 

a 

9 

u 
n> 


Y 

)ung  r 

its 

__     •   "^ 

,     •"            1                        ■■        -i 

/ 

/ 
/ 

/ 

_^     •    "^ 

-'" 

1 
I 

/ 

/ 
/ 

"Matv 

re  ral 

8 

/ 

/ 

^ 
^ 
^ 

^ 

1 
1 

// 

// 
/^ 

'^ 

8         10  12  14         16  18         20  Days 


-36- 


Sinoe  such  a  high  percentage  of  strontinm  was  found 
in  the  bones  of   the  rats  which  had  received  strontium  for  only 
four  days,    it  was  thou^t  that  it  would  he  of   interest  to 
determine  the  amounts  deposited  in  one,    two,    three,   and  four 
days  respectively.         Hats  weighing  betv/een  100  and  130  ^s, 
were  used.       The  folloving  results  were  obtained. 

Table  V 

Percentage  of  Galciiira  and  Strontium  found  in  the  Bones 
of  Hats  fed  Hation  I  for  Short  Periods  of  Time 


Days 

Percentage 

Percentage 

Percentage 

on 

of  ash 

of  calcium 

of  strontiijm 

diet 

1 

63.96 

36.76 

0.67 

2 

64.06 

36.68 

0.78 

3 

60.22 

36.31 

0.98 

4 

61.79 

36.38 

1.21 
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Effeot  of  Strontium  Feeding  when  the  Animal  is  Becetvlng 
an  QtitiTnal  Amoxmt  of  Bone-forming;  U^nerals 

In  order  to  determine  if  Lehnerdt's  suggestion  that 
strontium  might  not  be  deposited  in  the  bone  if  a  sufficient 
amount  of  calcium  ya.s  supplied  in  the  diet,   2.2  per  cent  of  the 
dextrin  in  Batlon  17  was  replaced  by  2.2  per  cent  of  strontiian 
carbonate,   as  follows: 


Batio 

n  II 

Liver 

20.0 

Casein 

10.0 

NaCl 

1.0 

CaCOg 

1.5 

KGl 

1.0 

SrCOg 

2.2 

Dextrin 

61,3 

Suttar  fat 

3.0 

This  ration  was   fed  to  mature  rats,    and  the  rats  killed 
and  the  ash  analysed  exactly  as  in  the  preceding  experiment.       The 
data  in  Table  VI  were  obtained. 
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Table  VI 

Effect  on  Composition  of  the  Bones  of  Lfeitiire  liats  Heceiving 
a  Diet  Containing  1.6  per  cent  of  Calciura  Carbonate 
and  2.2  per  cent  Strontium  Carbonate   (Ration  II) 


Days 

on 

diet 

Wei^t  Tnhen 
placed  on 
diet 

Wei^t 

when 

killed 

Percentage 
calcium 
in  ash 

Percentage 
strontium 
in  ash 

0 

150 

36.32 

0. 

5 

148 

141 

34.13 

1.76 

9 

162 

166 

34.60 

2.19 

13 

167 

186 

35.79 

2.17 

17 

165 

216 

34.67 

4.04 

21 

178 

218 

34.98 

4.90 

25 

170 

194 

35.76 

3.25 

Several  interesting  facts  are  evident  from  these  data. 


First,   Lehnerdt's  premise  concerning  the  effect  of  sufficient  bone 


building  minerals  was  wrong.        The  presence  of  a  sufficient  amount 


of  calcium  in  the  diet  does  not   inhibit  the  deposition  of  strontium. 


The  rate  of  deposition  does  not   seem  to  be  uniforii  in  all  aninals. 
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tout,  in  general,  it  apjjears  to  be  about  the  same  as  in  the  mature 
aniroals  reoeiving  the   low  calcium  diet    (Bation  I).       On  the  other 
hand,    the  calcium  maicee  a  small  drop  in  the  first  five  days,   but 
thereafter  in  g  neral  increases  slowly  toward  the  normal.         Ihe 
data  would  seem  strongly  to   suggest   the  conclusion  that  strontitun 
behaves  independently  of  calcium  as  a  constituent  of  the  bone,   amd 
does  not  replace  it  physiologically  as  a  bone-building  element. 

T^he  Paths  throuai  v^iich  Strontitim  may  enter  the  Body 

In  order  to  deteirmine  if  strontium  could  enter  the  body 
through  the  placenta  and  through  the  milk  of  the  mother,  as  well 
as  by  way  of  the  alimentary  tract,    two  series  of  experiments  were 
carried  out. 

In  the   first,  nursing  rats  of  mothers  receiving  the 
strontium-carbonate  diet   (Ration  I)  were  killed  at  varying  periods 
and  the  entire  bodies  ashed.       The  amounts  of  strontium  found  in 
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rats  nursed  not  more  than  four  to   six  hours  was  3.01  per  oent* 

The  mother  had  been  on  the   strontium  carbonate  diet   four  days. 

In  rats  w*iich  had  nursed  four  and  nine  days  respectively,    the 

mothers  having  had  strontium  for   tv«3   days  before  the  birth  of 

the  young,   the  strontium  content  amounted  to  4,15  and  5,74  per 

cent  respectively  of  the  ash  of  their  bodies. 

The  ash  of  young  rats  five  days  old,  whose  mothers  had 

had  no  strontium,  contained  none   of  this  element.         These  results 

are   sihown  in  the   table   given  below. 

Table  VII 
Eate  of  Deposition  of  Strontixra  in  the  Bodies  of  Yoxmg  Rats 
Which  Secured  the  Strontium  throu^  the  Kllk  of  the  llother 


Ho.  of 
rats. 

Age  of 

young. 

Days 

Time  of  feeding 
strontium  to 
mother  before 
young  were  born* 
Days 

Time  of  feeding 
strontium  to 
mother  after 
young  were  bom. 
Days 

Percentage 
of  strontium 
in  ash  of 
young. 

6 
4 
3 
8 

5 
4 
9 
4-6  hrs 

0 

2 
2 

4 

0 
4 
9 
4  hrs 

0 

4.15 
5,75 
3.01 
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The  data  show  conclusively  that  the  milk  of  a  mother 
receiving  strontium  contains  this  substance,  and  the  young  can 
receive   it   throu^  this  path. 

To  determine  if  strontium  can  be  transmitted  through  the 
placenta,  pregnant  rats  receiving  Bations  I  and  II,   and  as  controls, 
rats  receiving  Ration  IV,   irore  killed,    the  young  were  removed  from 
the  uteri,   the  bodies  ashed,  and  analyses  made  for  strontium  and 
calcium.       It  vsas  foxind  that  the  ash  of  the  young  from  mothers 
receiving  the  strontium  diet  contained  3.34-3.54  percent  of  calcium 
and  2.34-2.88  per  cent  of  strontium.       The  ash  from  the  young  of  the 
mother  receiving  the  calcium  and  strontium  containing  diets  contained 
10.32  per  cent  of  calcium  and  1.91  per  cant  of  strontiiun.       The  ash 
from  the  young  of  mothers  receiving  the  nonnal  ration  contained  9.9  - 
13.9  per  cant  calcium  and  no   strontium.       The  results  are  most  easily 
compared  from  Table  VIII. 
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Table  VIII 

Percentage  of  Strontium  and  Calcium  found  in  the  Bodies 
of  Unborn  Rats  whose  Mothers  had  received  iiations 
I,  II,  and  17. 


No.  of  days 
pregnant  mother 
received  ration 

Ration 

Number 

of 

young 

Percentage 
calcium 

Percen  tage 
strontium 

Note 

10 

II 

containing 
strontium 
smd  calcium 

7 

10.32 

1.91 

Pregnant 
when  put 
on  ration 

13 

I 
containing 
strontium 

9 

3.54 

2.34 

Pregnant 
vdien  put 
on  ration 

21 

I 
containing 
strontium 

7 

3.34 

2.88 

Entire 

gestation 

period 

Maintained 
on  ration 

IV 
containing 
calcium 

9 

9.9 

0 

Gestation 
period 
about  two- 
thirds 
completed 

L^intained 
on  ration 

IV 
containing 
calcium 

7 

13.90 

•  0 

Gestation 
period 
about 
completed 
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The  moat   strildng  figures  in  this   table  are   those  for 
the  rats  whose  mothers  had  received  Bation  I.       It  is  to  be 
observed  that  the  amount  of  caloiura  is  very  low,  and  the    strontium 
relatively  high.       The  percentage  of  calcium  in  the  ash  of   the  rats 
whose  mothers  had  received  the  caloiura  and   strontium  diet  was 
apparently  close  to  normal.       It  will  be   seen  from  the   figures  of  the 
normal  rats  that  the  calcium  of  the  ash  increases  as   the  gestation 
period  progresses*       The  data  show  that  strontium  can  be  transmitted 
through  the  placenta  to   the  body  of  the  xmbora  rat. 

To  summarize  very  briefly  the  results  of  the  preceding  part 
of  the  experiment,  we  may  say  that  strontium  enters  the  body  t^J•ough 
the  placenta,   the  rallk  of  the  mother,  and  the  alimentary  tract.  '  Its 
entrance  is  not   inhibited  by  the  presence  of  calcivim  in  the  diet,   but 
it  enters  the  body  of  a  mature  rat  more  slowly  than  a  young  one. 
Death  appears  to   intervene  when  the  strontium  has  reached  a  maximum 
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limlt  of  about  8  per  cent;  but  If  the  animal   is  given  an  optimal 
non-strontiura  containing  diet  before  the  harmful  effects  of  the 
strontium  have  proceeded  to  this  stage  the  element  is  slowly 
discarded  by  the  animal  body. 

Series  II 

The  Specific  Physiological  Effects  of  Strontium  on  the 

Animal  Body* 

In  order  to  determine   If  strontium  had  any  specific 
physiological  effects  on   the  animal  body,   observations  were  made  on 
the  growth,   appearance  of  the  animals,  peculiarities  of  locomotion, 
quality  of  the  teeth  and  bones,   sind  the  appearance  of  the  internal 
organs  as   seen  at  autopsy*       The  aniraals  used  for  chemical  analyses  were 
observed  and  studied,  but   since  these  rats  lived  a  comparatively  short 
time,   four  additional  groups  of  about  the  same  age  and  wei^t  were 
selected.       Three  of  these  groups  were  fed  aatlons  I,   II,   and  IV 
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reepectively,  and  the  fourth  received  a  ration  as  follows,  w*ilch 
shall  be  called  £atlon  III. 


Bation 

III 

Liver 

20.0 

Case  in 

10.0 

NaCl 

1.0 

KCl 

1.0 

Dextrin 

65.0 

Butter  fat 

3.0 

This  ration  is  similar  in  every  respect  to  the  ones 
previously  described,  except  that  it  lacfes  both  calcium  and 
strontium.    It  is  the  same  ration  described  by  MoCollum,  Simnonds, 
Shipley,  and  Park  (17),  and  called  by  them  Ration  2581.    The 
animals  of  these  four  groiips  were  observed  until  they  died  from 
the  effects  of  their  defective  rations  or  tmtil  the  experiment  was 
terminated. 

General  Ap-pearance  and  Behavior  of  Rats  fed  Ration  I 

The  general  behavior  of  the  animals  receiving  Ration  I  was 
most  striking  and  characteristic.   After  about  ten  days  or  two  weeks. 
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depending  on  the  age  of  the  animal,   a  slight  palsied  motion  together 
with  a  "leap  frog"  position  was  observed.       This  condition  became 
Bteadily  worse   for  about  two  weeks,  when  muscular  coordination  was 
very  difficult  and  the  i)alsied  and  nervous  movements  constant  and 
very  severe.       After  that  time,   adaption  seemed  to  set  in  and,  although 
the  posture  "became  increasingly  worse,    that   is,   the  animal's  hind  legs 
gave  the  appearance  of  growing  longer  and  longer,   throwing  the  rump 
higher   than  the  head,   and  walking  was  accomplished  wi  ih  a  paddling 
motion,   the  nervous  and  palsied  tremorswere  only  sli^tly  apparent. 
After  about  seven  weeks  the  animals  walked  with  a  staler,   frequently 
falling.         This  staggering  and  falling  increased  in  severity  until 
death.         From  about  the  ei^th  week  they  spared  themselves  all  the 
movements  possible.       Also  at   this  time   they  frequently  cried  if 
handled.       Between  the  twelfth  and  thirteenth  weeks  the  palsied  motion 
again  appeared  very  markedly,   increasing  in  severity  until  just  before 
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death*  At  that  time  the  animals  appeared  to  be  in  a  partial 
state  of  coma,  moving  only  very  sluggishly  or  not  at  all  when 
touched  or  handled. 

After  the  beginning  of  the  strontiiun  feeding  the  animals 
grew  little  or  not  at  all.      {See  curve).       V.hen,   in  a  few  cases 
after  a  period  of  thirty-one  days  of  strontium  administration,    this 
element  was  omitted  and  replaced  b;,    calciiim,    growth  followed  at  a 
rapid  rate.       Locomotion  became  normal   in  about  eighteen  days.      The 
strontium  fed  rats   showed   some  roughness  of  coat,    but   this  condition 
Tira.s  not  extrenie. 

Findings  at  Autopsy  of  Animals  fed  Bation  I 
Autopsy   showed  several  interesting  features.        These  are 
tabulated  in  the  adjoining  table  and  need  but  a  brief  comment  on 
certain  more  prominent  features   in  which   the  experimental  animals 
differed  from    the  normal.        The   thorax  was  flattened  from  side   to 
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side.   There  were  no  deposits  of  fat  In  the  body,  and  the 
musculature  was  very  much  wasted*   The  gonads  and  thymus  were 
atrophic.   The  adrenals  were  hypertrophied,  in  many  instances 
to  an  extreme  degree* 

Effect  on  Bones  and  Teeth  of  feeding  Ration  I* 

The  bones  were  found  to  be  very  cartilaginous  and  easily 
cut  with  a  Imife,  were  yellowish  in  color  and  stained  in  places  with 
haenaoglobin*   They  were  of  poor  quality.   The  slfull  could  not  be 
renoved  from  the  soft  tissues  after  boiling  without  its  fragmentation. 
The  epiphyses  separated  from  the  long  bones,  and  were  considerably 
enlarged.    The  ends  of  the  bones  turned  almost  black  on  drying. 
This  appears  to  be  the  result  of  some  effect  of  the  strontium  on  the 
blood,  but  the  explamation  is  not  clear.   The  surface  of  the  bones 
presented  a  very  glossy  appearance,  which  was  so  pronounced  as  to 
attract  attention  at  once. 
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Tha  teeth  were  evidently  affected  adversely  by  strontium 
feeding.       The  incisors  were  colorless,  whereas  in  the  normal  rat 
they  are  a  bri^t  orange  on  the  anterior  surface*       The  pulps  were 
exposed  in  these  persistently  growing  teeth,   and  the  efforts  of  the 
animal  at  attrition  had  been   so  effective  that  the  upper   incisors  were 
cut  too  short.       In  the  case  of  aninsls  w*iich  were  fed  strontium  for 
thirteen  to  fourteen  weeks  the  incisors  were  practically  disintegrated. 
In  one  animal  there  were  no  protruding  upper  Incisors,   but  the  roots 
lay  burled  in  the  maxillae.       In  most  animals  the  mandible  was 
perforated  at   the  base  of  the  incisor.       This  tooth  was     so  long  that 
It  extends  below  and  behind  the  molairs,  auid  to  the  bases  of  the 
condyles.       The  cortex  of  the  mandibles,  as  in  most  of  the  other  bones, 
appeared  hard  and  well  impregnated  with  mineral   salts,   and  it  seems 
remarkable  that  this  jierforation  at  the  base  of  the  incisor  roots  should 
have   taken  place. 
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The  molars  in  young  rats  which  were  fed  strontium  during 
thirty  days  were  somevi^iat  adversely  affected.   In  some  animals  one 
or  more  molars  were  missing,  and  in  all, the  alveolar  processes  were 
somewhat  poorly  developed  around  the  necks  of  the  teeth.   Ho  carious 
lesions  were  found. 

r 

Changes  in  the  Bones  when  Strontium  Is  Heplaoed  by  Calcium 

As  already  stated,  a  period  of  thirty-one  days  of  strontium 
feeding  was  sufficient  to  profoundly  damage  the  bones.    They  were 
exceedingly  cartilaginous,  with  enlarged  epiphyses,  and  wide  areas 
between  the  diaphyses  and  the  epiphyses.   The  symphyses  were  all 
very  distinct,  especially  in  the  pelvic  bones,  and  they  presented  the 
appearance  of  very  young  bones,  the  parts  of  whichwere  not  yet  ^mlted. 
The  SKull  disintegrated  at  the  sutures.   The  bones  were  dark  and 
hemorrhagic.   The  damage  to  the  teeth  was  more  .narked  in  the 
persistently  growing  incisors  than  in  the  finished  molairs. 
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Aftsr  the  strontium  in  the  diet  had  been  replaced  by  an 
equivalent  amount  of  calcium  for  a  period  of  two  weeks  the  bones  were 
found  to  be  exceedingly  friable.    The  pelvic  bones  were,  without 
exception,  fractured.   The  large  area  of  osteoid  at  the  junction 
of  the  epiphysis  and  diaphysls  was  newly  calcified  and  quite  deformed. 
This  area  was  exceedingly  porous  and  enlarged.   The  scapulae  were 
dark,  porous,  and  hemorrhagic.    The  bones  seemed  to  be  entirely 
lacking  in  fat,  and  had  a  chalky  appearance .    In  general,  they  showed 
considerable  deformity.   This  deformity  was  very  noticeable  in  the 
scariulae,  which  were  bent  almost  to   right  angles,  and  also  in  the 
skulls.  In  the  latter  the  median  line  was  a  curve.    The  teeth  had 
no  cavities,  and  all  the  molars  were  present.   The  incisors  were 
li^t  yellow  and  showea  pulp  exposures. 

After  four  weeks  on  the  diet  in  which  calcium  was  made  to 
replace  strontium,  the  bones  had  grown  decidedly  in  length.    They 
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were  sorae^iat  greasy  in  appearance,   and  had  become  tetter  calcified. 
The  slcull  was  asymmetric,    the  median  line  being  a  curve.  The 

henrorrhages  vrere  pronounced  only  in  the  femora.         The   teeth  were 
badly  worn. 

After  six  weeks  from  the  condition  described  as  resulting 
from  feeding  strontium  for  thirty-one  days  the  bones  were  still  some- 
iK^t  porous.       The  long  bones  were  somewhat  greasy,  but  the  flat  bones 
were   still  chalky.       The  scapulae  were  cupred,  but  this  condition 
seemed  to  be  in  process  of  correction  as  compared  with  those   in  rats 
fl^ich  had  received  calcium  for  tw3  weeks.       There  were  still  no  cavities 
in  the  molars. 

The  bones  from  rats  fed  the  strontium-free,  calcium-containing 
diet  for  ei^t  weeks  7iere  better  calcified  than  those  receiving  the  diet 
for  six  weeks.  The  skeleton  was  approaching  the  nomal  appearance.  The 
median  line   of  the  skull  was  very  crooked  laterally,   producing  such  a 
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tend  In  the  maxillae  that  on  the  side  having  the   lesser  curvature 
the  molars  v/ere  crowded,   one  being  badly  impacted.         This  condition 
has  never  before  been  observed  in  the  rat. 

After  ten  weeks  of  recovery  on  the  strontium-free  diet  the 
bones  were  well  calcified.       The  color  was  essentially  normal.       The 
symphses  in  the  pelvic  bones  were  completely  united  and  the  bones 
were  hard  and  smooth.       Ho  evidence  of  hemorrhage  persisted.         'Hhe 
incisors  were  now  yellow  in  color  on  the  anterior  surfaces. 

A  reraaricable  observation  made  in  connection  v/ith   these 
experliients  related  to  changes  in  the  teeth.       The  molars  remained 
sound  during  the  period  of  strontium  feeding,  which  covered  thirty- 
one  days,  but  rapidly  disintegrated  when  the  strontium  in  the  diet 
was  replaced  by  calcium,       Caries-liira   lesions  developed  under  these 
conditions  in  about  ten  weeks.       The  incisors,   being  persistently 
growing  teeth  in  this  species,   had  an  opportunity  to  repair  the  damage 
which  they  had  suffered  as  the  result   of  the  strontium  feeding,  and 
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rapldly  regained  an  essentially  norn^l  structure,  color,  and  appearance. 

It  has  been  mentioned  already  that  on  the  replacenent  of 
strontiun,  by  calcium,    the   strontium  contant  of  the   bones  rapidly  fall 
from  about  7  per  cent  to  7  1/2  per  cent  of  their  ash  content.       Our 
analytical  data  are  not   sufficiently  complete   to  enable  us   to   say  just 
how  much  Of  the  rapid  loss  of  the  strontium  content  is  due  to  new 
gro;vth  Of  the  bones,  and  how  much  is  due  to  elimination  of  strontium 
and  its  replacement  by  calcium.       without  doubt  both  factors  are 
operating  to  produce   the  result  observed.       It  is  of  special  interest, 
therefore,   to  observe  what  appears  to  be  almost  destruction  of  the 
bones  during  the  first  four  weeks  after  the  strontium  has  been  replaced 
by  calcium  in   the  diet.        This  ai^pears   to  be  a  part  of  the  general 
process  of  resolution  of  the  skeletal  tissues  of  the  body.         \^  shall 
see  later   ti-^t  the  changes  in  the  histological  structure  of  the  bones 
under   the  conditions  we  have  just  discussed  harmonize  with  the  view 
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that   the  strontiurc- laden  tones  are  rapidly  resolved,   their  contents 

being  mohllized.  for  the  purpose  of  elimination  of  the  offending 

substance  as  soon  as  the   strontium  is   left  out  of  the   food  and  calcium 

is  supplied  in  liberal  amounts. 

Effect  of  Feeding  a  Diet  Containing  the  Optimal  Amovmt  of  Calcitun 
Together  with  Tm)  and  Two-tan ths  Per  cent  of  strontium  Carbonate 

In  order  to   see  if  the  preceding  pathological  conditions 

were  due   to  the  lack  of  calcium  in  the  diet,    rather  than  to  the 

presence  of  strontiian,   animals  were  fed  a  diet  wdiich  contained  an 

optimal  amount  of  calcixun  and  an  equivalent  amount  of  strontium 

(Ration  II). 

General  Appearance  and  Behavior  of  fiats  Fed  Hation  II 

After  rats  had  been  on  this  diet  for  about  three  weeks, 

a  sli^it  paddling  motion  of  the  hind  legs  when  they  walked,  and  some 

lack  of  coordination  of  the  movements,  were  observed.  This 

practically  disappeared  by  the  end  of   the  eighth  week.     After  that 
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time  the  animals  presented  very  little  difference  from  the 

normals.        Their  coats  were  somew*iat  rough,  and,   although  their 

bodies  were  not  fat  neither  mere  they  thin;    they  did  not  gain  in 

weight  at  the  rate  of  a  nonal  rat,  but  they  did  gain  slowly. 

Appearance  on  Autops:/  of  Bats  j'ed.  Ration  1I« 

The  findings  at  autopsy  were  only  very  slightly  different 

from  those  of  a  normal  rat.       Hov/ever,    the  rats  autopsied  had  recGived 

the  ration  only  thirteen  vreeics  and  had  not  died  from  its  effects. 

Under  these  conditions  the  only  abnoraalities  presented  were  those 

in  the   teeth  and  spleen.       The   spleen  was  atrophied.       The   teeth 

will  be  discussed  under  a  separate  heading. 

Bffect  on  Teeth  and  Bones  of  Rats  ij'ed  Hation  II 

'Mien   the  diet  contained  both  calcium  and  strontiiun  the 

bones  did  not   suffer  as  serious  injury  as  they  did  when  the  diet 

contained  a  fairly  liberal  amount  of   strontium  but  was  deficient  in 


-57- 


calcivm.   Under  the  former  circimstanoes  the  bones,  during  the 
early  weeks  of  the  experiment,  showed  some  tendency  to  being  porous 
and  hemorrhagic.   Large  borders  of  cartilage  surrounded  the  scapulae. 
There  was  no  abnornsl  enlargement  of  the  ends  of  the  long  bones. 
The  sutures  vihich  unite  the  several  parts  of  the  pelvic  bones  at 
the  socket  remained  visible,  but  the  psu*ts  of  the  bone  were  firmly 
united.   There  was  easily  noticeable  the  glossy  surface  character- 
istic of  the  bones  of  animals  fed  strontitun,  but  this  was  less  marked 
than  TjJien  the  diet  was  deficient  In  calcium. 

The  teeth  showed  a  tendency  to  lose  color.   The  pulps 
were  exposed  in  the  upper  incisors.   Caries  developed  in  the  molars. 
The  alveolar  processes  were  not  quite  so  well  developed  around  the 
necks  of  the  teeth  as  in  the  normal.   The  skulls  remained  syimietrical 
in  all  cases. 

At  the  end  of  five  weeks  the  bones  of  some  of  the  animals 
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were  darker  and  more  hemorrhagic  than  before.    They  had  no 
greasy  appearance,  but  v/ere  rather  dry  and  ohallsy  in  texture. 
The  pelvic  bones  were  fractured  across  the  socket  at  the  sutures 
which  should  fuse  in  early  life.   The  incisors  of  these  animals 
still  retained  a  certain  amount  of  color  on  their  anterior  surfaces. 

At  five  to  seven  weeks  from  the  beginning  of  the 
experiment,  the  bones  of  rats  under  the  above  experimental 
conditions  were  in  the  worst  condition  that  they  ever  reached. 
After  that  time  they  began  to  return  toward  the  normal  in  a  manner 
which  suggests  that  the  body  in  some  way  habituates  itself  in  the 
presence  of  strontium,  and  acquires  a  tolerance  for  it.     This 
suggestion  is  also  strengthened  by  the  general  physiological 
beJiavior  of  the  rats.   After  the  seventh  or  ei^.th  week  the 
awtovardness  of  movement  and  locomotion  had  practically  disappeared, 
the  animals  appearing  to  be  essentially  normal.   These  statements 
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do  not  apply  to  the  teeth.   After  thirteen  wtieks  of  feeding  with 
both  calcium  and  strontium  the  bones  were  approximately  normal  in 
external  appearance.   The  teeth,  hov/ever,  were  very  bad  at  this 
time.   The  upper  incisors  had  completely  lost  their  color  and  were 
too  much  shortened  by  attrition.   The  lower  incisors  were  overgrovoi 
and  colorless.   They  showed  no  pulp  exposures,  but  there  was 
considerable  hyperplasia.   The  molars  were  carious,  and  defects  of  the 
attaching  tissues  were  severe. 

A  most  interesting  fact  brought  out  by  our  obseirvations  is 
the  relation  of  strontium  feeding  to  the  color  of  the  incisors. 
Nothing  is  iaiov.n  concerning  the  cause  of  the  presence  of  color  in  the 
teeth,  but  teeth  of  good  quality  are  always  colored.   Strontium 
appears  to  cause  the  disappearance  of  this  color  entirely  either  when 
calcium  is  deficient  in  the  diet  or  when  it  is  provided.   The  incisor 
is  a  persistently  growing  tooth,  being  found  normally  at  the  rate  of 
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about  2  mm.  per  week.   It  is  most  interesting  that  the  color 

reappears  in  this  tootl  almost  as  soon  as  the  strontium  is  removed 

from  the  diet. 

The  3ffect  of  g'eeding  a  flation  Low  in  Calcium  emd 
Containing  no  Strontium 

Since  all  the  severe  and  spectacular  effects  produced  by 

the   low  calcium  and  strontian  containing  diets   (Ration  1)   were  not 

duplicated  when  a  ration  containing  both  strontium  and  calcium  were 

fed,   it   seemed  worth  v*iile  to  observe  the  effects  produced  by  a 

diet  defective  onl,,    in  its  lack  of  calcium,      (Ration  III),        It  v/as 

reasoned  that  in  this  manner  effects  due  to   (1)    the  lacic  of  calcium 

together  with  the  presence  of  strontium,    (2)    the  presence   of 

strontium  alone,   and  (3)    the   lack  of  calciun  alone,   might  be   classified, 

and  attributed  to  a  specific  source  or  coal ination  of  sources. 


-61- 


Effect  on  general  AT>pearanoe  and  Behavior  of  Animals  i^'ed 

a  Low  Galoium  Diet 


The  animals  fed  the  low  calciiun  diet   (Ration  III)   were 
thin  and  undersized.       The  coats  were  roMgh  and  the  hair  irregular 
in  length.         They  gained  on  an  average  about  20  gras.   in  weight 
Ti^ien  fed  over  a  period  of  sixteen  weelcs.  Yoiing  anirnals   live  but 

a  short   time  on  this  ration.    (17)       The  noriTial  increase  in  weight 
of  ani.'Tials   the  age  of  the  ones  used  in  this  experiment  is  about  80 
gms.   for  sixteen  weeks. 

A-prearance  on  Autopsy  of  Animals  J'ed  a  Low  Galcium  Diet 

The  bodies  of  the  animals  at  autopsy  showed  thoraces 
some\*iat  flattened  from  side  to   side.       The  costochondral  junctions 
were   slightly  enlarged.        The  musculature  was  very  much  wasted  and 
there  were  no  deposits  of  fat.        The   thymus  and  gonads  wer i  atrophied, 
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The  spleen  usually  vn.B   greatly  enlarged.   The  adrenals  were  very 
pale.   The  long  bones  cut  easily. 

Sffect  on  the  Teeth  and  Bones  of  Rats  r'ed  itation  III 

The  bones  were  exceedingly  chalky  and  porous.    They 
showed  little  cartilage  but  the  epiphyses  of  the  long  bones  were 
enlarged.   The  shafts  of  the  bones  were  slender.   The  siculls  were 
brittle  and  showed  a  tendency  to  fracttire  along  the  sutures,  which 
were  not  well  knit  together.   The  pelvic  bones  showed  no  fractures. 

The  teeth  were  carious  and  could  easily  be  pulled  from 
their  sockets;  attacl.ing  tissue  aefeots  were  very  iiarked.    The 
incisors  were  normal  in  color,  v?ry  brittle,  and  easy  to  extract. 
The  upper  ones  were  broken  off,  and  the  lower  ones  were  over  grown. 
The  latter  condition  always  occurs  when  defective  attrition  is  at 
hand.   Pulp  exposure  was  present  in  every  incisor. 

A  comparison  of  these  animals  with  the  preceding  and  with 
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the  normals  (rats  fed  Ration  lY)  are  more  aasily  inade  from  the 
growth  Gviryes  and  tables  which  immediately  follow. 

The  question  may  arise  at  this  point  as  to  whether  the 
conditions  met  with  w*ien  the  calcium  plus  strontixim  containing 
diet  was  fed  were  in  any  way  comparable  to  a  diet  containing  two 
equivalent  amounts  of  calcium,  that  is  3  per  cent.   Such  diets 
have  bean  fed  in  this  laboratory.   The  animals  were  maintained  in 
splendid  condition,  and  the  bones  were  excellent  in  qtiality. 
(Unpublished  data).   This  strengthens  the  suggestion  that  strontium 
has  effects  on  the  animal  body  which  are  attributable  to  it  alone, 
but  these  effects  are  greatly  augmented  if  at  the  same  time  calcium 
is  lacking. 

These  observations  are  interesting  when  compared  with  those 
of  Meltzer  and  Auer  (18).   These  investigators  studied  the  effects 
of  strontium  as  compared  to  calcium  in  its  antagonistic  action  toward 
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the  ajiesthesia  produced  by  the  subcutaneous  injection  of  magnesium 
chloride.   They  found  that  the  action  of  strontium  under  these 
conditions  was  completely  different  from  that  of  calcium,  and  that 
calcium  was  not  antagonistic  to  the  effect  of  strontium,  but  rather, 
if  anything,  increased  them* 

This  certainly  was  not  the  case  under  the  conditions  imposed 
in  these  experiments.   Here  the  calcium  certainly  did  not  augment 
the  effect  of  the  strontium.   ilather,  it  appeared  to  have  a 
neutralizing  effect,  particularly  in  the  nervous  reactions  caused  by 
the  feeding.   However,  these  results  Tiay  not  have  been  directly 
attributable  to  the  action  of  the  two  elements  as  such,  but  occurred 
because  calcium  is  needed  by  the  animal  tody  for  normal  metabolism, 
and  a  bo'iy  provided  with  an  optimal  amount  of  this  element  is  more 
able  to  resist  tiie   destructive  action  of  an  offending  substance  than 
one  in  ■sThich  the  calcium  is  very  low.   Therefore,  to  surmarize  the 
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results  of  these  otservations  we  can  say  that 

Strontium  produoes,  wdien  calcivun  is  laclcing.a  very 
marked  lack  of  coordination  in  the  animal  body,  and  a  peculiar 
and  specific  type  of  nervous  reaction.   The  bones  of  such  animals 
are  often  almost  entirely  uncalcified,  being  made  up  of  cartilagenous 
tissue.   These  conditions  are  foiuid  to  only  a  very  slight  degree 
when  calcium  as  well  as  strontium  is  presant  in  the  diet. 

Strontivim,  either  with  or  without  the  presence  of  calcium, 
destroys  or  inhibits  the  troduotion  of  pigment  in  the  persistently 
growing  tooth. 

Strontium  definitely  shortens  the  span  of  live.    Life  is 
considerably  lengthened  if  the  animal  received  calcium  at  the  same 
time  that  it  receives  strontium.   Vve  cannot  yet  say  how  much  this 
Increase  may  be. 

A  study  of  the  specific  effect  of  strontium  on  the  bone 
follows: 
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Serles  III 
An  Hlstologloal  Study  of  the  ;::ffects  of  Strontlxim  on 
the  Bones  of  Rata 

In  order  that  the  influence  of  strontium  on  the  histology 
of  the  bone  may  be  easily  understood,  it  is  necessary  first  to 
understand  the  normal  processes  of  growth  in  the  developing  bone. 
McCollum,  in  his  book  "The  Kewer  Knov/ledge  of  Nutrition"  .(19)  gives 
a  brief  and  clear  discussion  of  this  subject  and  his  description  is 
quoted  here, 

■•The  growth  of  a  bone  in  length  is  due  to  a  definite 
sequence  of  events  which  transpire  at  the  junction  of  the  shaft  of 
the  bone  (diaphysls)  with  its  head  (epiphysis).   The  shaft  is 
composed  of  growing  bone,  the  epiphysis  of  cartilage  which  is 
largely  in  a  resting  state.   As  the  animal  grows  the  cartilage  of 
the  epiphysis  is  converted  into  bone  through  (a)  encroachment  on  it 
of  the  bony  shaft  and  (b)  through  the  expansion  of  one  or  more 
centers  of  ossification  vdiich  forn  in  it.   The  process  of  growth 
in  length  of  the  shaft  is  the  same  which  results  in  the  expansion 
of  the  centers  of  ossification  in  the  epiphysis. 

The  cells  of  the  resting  cartilage  have  no  particular 


-70- 


arrangeriient  until   they  come  within  a  short  distance  of  the  shaft 
or  center  of  ossification.        The  cartilage  cells  then  arrnnge 
themselves  into  columns  parallel    to  the   long  axis  of   the   shaft  or 
the  radii   of  the  ossification  center.       This  columnar  zone  is  laiown 
as  the   "proliferative  caa*tilage."       Lime   salts  are  deposited  in  the 
matrix  separating  the  cells  of  the  thin  layer  of  cartilage  in  contact 
with  the  shaft.       This  is  known  as  the  zone  of  provisional  calcifi- 
cation.      Cartilage  cells   in  this  zone   lie  in  a  matrix  which  is  like 
a  calcified  honey-comb.       As  the  shaft  grows  tiny  Llood  vessels 
sprout  evenly  from  it  and  each  vessel  opens  a  single  comr'artment  in 
the  calcified  honey-comb.       The  cartilage  cell  is  freed  to  degenerate 
or  to  become  an  osteoblast  or  bone- forming  cell.       Large  numbers  of 
osteoblasts   follov;  the  blood-vessel   sprouts  into  the  cartilage. 
These  settle  on  the  spicules  of  calcified  matrix  which  remain  after 
the  cartilage  cell  capsules  are  opened.       These  spicules  furnish 
cores  about  vmich   the   trabeculae  of  bone   in  the  shaft  are  built. 
The  osteoblasts  on  the   spicules  of  calcified  matrix  bury  themselves 
in  a   tissue  "Known  as  osteoid  which    they  manufacture.       This  receives 
a  deposit  of  lime  salts  and  becomes  bone. 

Growth  in  thickness  of  the  shaft  is  accomplished  by  cells 
in  a  thick  layer  of  connective  tissue  vfcich  surrounds  the  shaft  and 
is  called  the  peiiostexm.        These  connective- tissue  cells  are 
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transformed  directly  into  osteoblasts  and  lay  down  bone  in  layers 
beneath  the  periosteum.       During  growth,  and  to  a  lesser  extent  after 
growth  has  ceased,    the  structure  of  a  bone   is   subject   to  constant 
change   to  meet  the  requirements  of  exercise  and  changing  conditions 
of  stress  and  strain.       Old  bone  is  constantly  being  removed 
(resorption)   and  new  bone   is  always  being  formed.        In  a  normal, 
healthy  bone   these  processes  are  always  in  a  dynamic  equilibrium," 

The  STPecific  Effect  of  Strontium  on  the  isone 
That  we  might  answer  the   question  as   to  viiiether   strontixan 
exerted  a  specific  effect  on  the  histology  of  the  bone,    sections 
were  made   from  the  tibia  of  rats  which  had  been  roaintained  on  Rations 
I,   II,    III,   and  IV,       In  this  way  a  norinal  bone  could  be  compared  with 
one  vdiich  was  affected  by  the  lack  of  calcium,    the  presence  of  strontium, 
and  the   lack  of  calcium  together  with  the  presence   of  strontium. 

Mi cropho to graphs  have  been  made  of  these  four  tj^es  of  bones 
and  are  reproduced  in  jj'igures  1,   2,   3,  and  4.       They  need  to  be  but 
briefly  described  here. 
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The  Histological  Afpearance  of  the  Bones  of  Hats  j'ed  a 
Satisfactory  Diet  (Figure  I) 

Bones  from  a  rat  which  had  received  a  diet  In  v;hich  the 
mineral  content  was  satisfactorily  adjusted,  the  proteins  of  good 
qiiallty,  and  the  necessary  vitamins  present,  presented  several 
features  wiilch  were  quite  different  from  those  of  rats  receiving 
the  deficient  diets. 

The  proliferating  csurtilage  disk  In  a  young  and  growing 
bone  was  about  twelve  to  sixteen  cells  deep. 

The  zone  of  provisional  calcification  presented  a  regular 
even  line  crossing  the  bone  at  rlghit  angles  to  the  shaft.    Under 
high  power  it  appeared  like  a  calcified  honey-comb  Invaded  by  blood 
vessels  and  osteoblasts.    It  is  in  this  region,  as  described  by 
MoCollum,  that  growth  in  the  length  of  the  bone  takes  place.    The 
medullary  cavity  was  sharply  defined.   The  bone  trabeculae  were 


Figure  1 


Fhotoraicrograph  of  a  normal  rat  tone  from  an  aniiial 
of  the  age  of  those  employed  for  strontium  feeding.   r'or  the 
purpose  of  comparing  the  experimental  animals  with  the  normal, 
the  width  of  the  disk  of  cartilage,  and  the  proportion  of  it 
which  exists  in  the  sv/ollen  cell  condition  or  vesicular  stage, 
should  be  noted.   Observe  that  the  line  of  provisional 
calcification  crosses  the  bone  at  ri(?ht  angles  to  its  longituainal 
axis  and  roughly  parallel  to  the  upper  border  of  the  proliferative 
zone*   ^^e  magnification  is  not  great  enough  to  permit  the  honey- 
comb structure  of  the  deposit  being  made  out.   The  number  of  bone 
trabeculae  and  their  orderly  arrangement  with  the  long  axis  of 
their  sections  parallel  to  the  long  axis  of  the  shaft  is 
characteristic  of  normal  development.   The  photograph  also  shows 
the  extent  to  which  marrow  elements  appear  in  sections  of  the  bone 
which  is  undergoing  orderly  development  under  suitable  dietary 
conditions.   The  medullary  cavity  is  sharply  defined.     The 
cortex,  or  dense  layer  of  bone  on  the  p'^riphery  of  the  shaft,  is 
not  shown  in  the  photograph  because  of  a  re-touching  of  the 
negative  at  this  point  by  the  photographer.   Ti.is   is  unfortunate 
in  that  it  eliminated  one  of  the  characteristic  features  of  the 
bone,  but  has  no  importance  for  the  purpose  for  vi^iich  the  picture 
is  reproduced  here. 


Fig.  1 


ff  '^ilT^' 


.A 
v 


!),if 


i: 


Epiphysis 

Cartilage  disk 

Provisional 
calcification 


Shaft 


lledtillary  cavi 


-73- 


arranged  In  an  orderly  manner  with  their  long  sucls  parallel  to 
the  shaft. 

The  Histological  Anrearance  of  the  Bones  of  Rats  fed  A 
Diet  j'ree  from  StrontiTUn.  and  Ver.v  Poor 
in  Galci'om  (iTlgure  2) 

Under  these  conditions  of  diet  the  oolunmar  arrangement 

of  the  cartilage  cells  was  maintained.   The  cartilage  disk  \wa8 

much  wider  than  the  normal,  and  there  was  as  a  rule  no  calcification 

in  the  proliferative  zone,  but  occasionally  traces  of  provisional 

calcification  were  seen.   The  metaphysis  formed  was  very  narrow.  The 

cell  cytoplasm  lost  its  affinity  for  basic  dyes.   The  number  of  bone 

trabeculae  was  very  great,  and  these  were  slender  and  siarrounded  by 

wide  borders  of  osteoid.   They  did  not  exhibit  the  regular  arrangement 

seen  in  normal  bones  in  which  the  trai  eculae  of  bone  tend  to  lie 

parallel  to  the  length  of  the  shaft,  but  instead  formed  a  lattice-like 

structure.   This  v;as,  however,  more  regular  in  its  arrangement  than 


Figure  2 


Photomicrograph  of  tibia  of  a  rat  which  had  teen 
maintained  on  a  low  calciam  diet.       Observe   that   the   cartilage 
disk  is  very  mucli  widened  but   that  the   trabeculae  have   retained 
their  ordinary  arrangement.        The  metaphysls  is  very  narrow. 
The  photograph  does  not    show  the  many  osteoblasts,    blood 
vessels,   and  marrow  elements  which  invade   it.        The  confines 
of   the  medullary  cavity  have  been  entirely  lost.        The  shaft 
is   filled  with  the  raesh-lilce  spongiosa.        The   trabeculae  of 
the  bone  are  nunBrous;   these  Jiave   lost   their  norTinl   longitudinal 
arrangement.       Also,    thay  are   invested  with  thick  borders  of 
osteoid. 


Fig.   2 
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the  trabeculae   seen  in  a  rachitic  metaphysis,  iJe  have 

reproduced  here   the  picture  TRiiich  Shipley,   Park,   McGollum  and 
Simmonds   (13)   call  a  second  type  of  rickets,    thie   Lecond  type 
differing  from  that  v/hich   is  generally  accepted  to  be  rickets 
only  by  a  slightly  greater  degree  of  regilarity  of  those  elements 
Tshich  form  rachitic  metaphysis. 

The  Histological  Appearsmce  of  the  Bones  of  Animals  j'ed 
a  Diet  Iieficient  in  Calcixm  but 
Containing  Strontium 
{j<'igure  S) 
In  comparison  with  the  above  described  features  of  a  bone 

of  an  animal  T)*iich  had  ingested  a  satisfactory  diet  except   that   the 

calcium  content  v;as  too  lov;,    the  feeding  of  strontium  led  to  an 

extraordinary  stimulation  of  cartilage  proliferation.        This  is  shown 

in  Figure  3.       After  several  weeks   the  vesicular  cartilage  area  was 

very  wide,  and  the  cartilage   tended  to  persist,   although  with   some 
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tendency  to  lose  its  characteristic  staining  reactions.         Long 
tongues  of  cartilage  intardigitated  with  osteoid  tissue,   ^ich 
contained  many  blood  vessels  and  marrow  elements.        This  excessive 
formation  of  osteoid,  ajid  of  cartilage  proliferation,  was  not 
accompanied  by  any  deposition  of  calcium  salts.       There  were  no 
trabeculae  of  bone  in  the  nei^iborhood  of  the  region  of  grov/th  nor 
for  a  considsrable  distance  uovai  the   shaft.       The  distinctly  lattice- 
like  arrangement  of  the   spongiosa  of  bones  of  animals  fed  low  calcium 
was  lost   to  a  great  degree  when  strontium  was  fed.       The  metaphysis 
more  nearly  approached  tJiat   found  in   true  rickets.       Here  again  the 
strontium  seems  to  have  accentuated  the  effects  caused  by  a  low 
calcium  diet.       The  production  of  osteoid,    the  width  of  the  proliferating 
cartilage,  and  of  the  area  of  metaphysis,  and  the  disorderliness  of  the 
elements  of  the  metaphysis, are   found  to  a  greater  degree   than  when  the 
diet  is  deficient  in  calcium  alone. 


ij'igure  3 


Photomicrograph  of  a  bone  from  a  rat  which  had 
received  a  low  calcium,    strontiura-containing  diet  for 
thirty-one  days. 

lloie   the  ezcessive  width  of  the  proliferating 
cartilage  border.        The  light  areas  are  filled  with  osteoid 
trabeculae,   blood  vessels,   and  larrow  elements.       These  are 
intermingled   in  a  somewhat  disorderly  fashion.        3mall 
irregular  patches  of  provisionil  calcification  persist. 
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The  Sffect  on  the  }ilstolo,'-r.v  of  the  Bones  of  reedlnp:  a  Diet  Containing 
In  Addition  to  the  Optimal  Amoxmt  of  Ualclum,  an  Addition 
of  Strontium  Salt.  (Figure  4) 

At  the  end  of  a  seven  weeks  period  of  feeding  a  ration 
containing  both  strontium  and  calcium  the  bone  of  the  shaft  vas 
alinost  completely  replaced  by  osteoid.   The  proliferating  border 
of  the  cartilage  disk  was  only  a  trifle  wider  than  the  normal,  and 
the  cartilage  trabeculae  retained  their  orderly  arrangement.   The 
metaphysis  was  very  wide.   In  some  areas  the  blood  vessels  and  marrow 
elements  and  osteoid  trabeculae  intermingled  in  a  most  disorderly 
fashion.   But  in  the  greater  part  of  this  metaphysis  these  elements 
showed  a  niore  or  less  orderly  arrangement,  approaching  the  sclerotio 
picture  seen  in  the  low  calcium  bones. 

It  is  evident  from  the  histological  sections  that  when 
calcium  and  strontixam  are  fed  totjether  there  is  a  decided  tendency 
for  the  former  element  to  counteract  the  influence  of  the  latter. 
The  proliferation  of  cartilage  is  depressed,  the  calcium  salts  are 


Figure  4 


111  oropho  to  graph  of  a  bone   from  a  rat  v^ilch  had 
reoeived  a  diet  containing  both  strontium  and  calcium. 

Observe   that   the  proliferating  cartilage  disk  la 
almost   the  same  as   that  of   the  normal.        The    light  area  on 
the  rig^itjWhen  seen  under  hl^  power.    Is  filled  with 
trabeculae  of  osteoid,    osteoblasts,    marrow  elements,    and 
blood  vessels  intermingled  in  a  disorderly  manner.        The 
metaphysis  occupying  the  rest  of  the  field  is  very  similar 
to   the  one   seen  in  jj'igure  2.        The  regular  mesh-liice 
arrangemjnt  of  the  osteoid   trabeculae,    v/ith  the   interstices 
filled  with  narrow  elements  are  seen  in  the  picture.     Areas 
of  the  marrow  cavity  remain  unoccupied  by  the   spongiosa. 
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deposited  to  some  extent,  and  the  entire  picture  of  the  finer 
structure  of  the  bone  is  distinctly  shifted  in  the  direction  of 
nor.Tial. 

The  fia-pidity  of  the  Effect  of  Strontium  on  the  Bone 

The  progressive  and  rapid  deviations  from  the  normal  in 
the  histology  of  growing  tones  due  to  the  feeding  of  Btrcntiiam  are 
shown  in  figures  6-9,  and  are  described  in  the  legends  accompanying 
them.   Therefore,  only  a  brief  general  statement  concerning  the 
suiatomical  changes  is  necessary  here. 

The  most  striking  feature  and  the  one  w*->ich  appeared  most 
promptly  when  strontium  was  introduced  into  a  diet  containing  little 
calcium,  was  a  sudden  increase  in  the  proliferation  of  t}ie  cartilage 
cells  on  the  diaphyseal  border  of  the  cartilage  disk. 

This  disk  in  normal  bone  in  which  growth  is  arrested  is  not 
more  than  three  or  four  cells  deep;  it  is  about  three  or  four  ti-nes  as 


Figure  5 


Photomicrograph  of  a  section  of  a  bone  of  a  yoimg 
rat  which  was  fed   strontium  for  four  days  before  death.     Note 
the  increased  width  of  the  cartilage  band,   and  especially  the 
tendeucj-   to   increased  width  of  that  portion  of  the  cartilage 
which  is   in  the  vesicular  stage,   and  is  prepared  for    the 
provisional  deposition  of  calci\un  salts  in   the   ground  substance 
between  the  cells.        This  provisional   calcification  is  still 
evident. 

At    tlie  extreme  right   there   is  an  area  consisting  of 
marrow  elements  and  osteoid,  which  represents  the  intrusion  of 
these   elements  into  the  region  betireen   the  growing  cartilage 
of  the  ejiphysis  and  the   shaft,    wiiich  constitutes  the  raetaphysis 
seen  in  rickets.       There  was  already  an  increase  in  the  amount 
of  osteoid  aroiind  the   trabeculae   of  bone. 


Fig.   5 


Proliferating  car 

Lletaphysis 

Provisional 

calcification 


— --     Marrow  cavity 


Figure  6 


Photomicrograph  oi'    titia  of  a  rat  which  had  teen 
fed  strontium  for  thirteen  days.        The  cartilage  border  has 
more   than  trehled   in  width.  The   line  of  provisional 

calcification  has  completely  lost  its  regularity,   and  almost 
disappears  at  the  ri^.t  of  the  shaft.        Thousands  of  osteo- 
hlasts   invade   this  region.        They  lie  very   thick  along  the 
edges  of  the  persisting  cartilage.        Areas  of  metaphysis  are 
very  pronoianced  in  the  region  between  the  growing  cartilage 
and  the   shaft.       Calcified  bone  has   entirely  disappeared  in 
the  right  hand   side   of  the   shaft,  being  replaced  by  osteoid. 
Small  calcified  trabeculae   stirrounded  by  very  v.lde  I  orders 
of  osteoid  still  remain  in  the  left.       The  bone  trabeciaae 
have   lost  to  a  large    legree    their  orderly  arrangement  with 
axes  parallel    to  the  bone.        Their   structure   is  now  more 
like  a  web  consisting  of  roundish  splash-like  calcified  areas. 
In  the  clear  area  on   the  ri^t  of  the   shaft   this  arrangement 
becomes  definitely  sclerotic,    t>iat   is,    there  is  a  mingling 
of  osteoid   trabeculae,   marrow  elements,  and  blood  vessels  but 
with  a  more  or   less  regular  and  lattice-like  arrangement  of 
theee  different  constituents.        The  medullary  cavity  }ia8  teen 
invaded  by  this  spongiosa,   and  the  marrov/  elements  are   found 
throughout   the   shaft. 


Fig.    6 


-_■  Cartilage  disk 


\l4  a^>rO\r-r^ 


iletaphysis 

— -  Provisional 

calcification 

Calcified 

trabeculae 


-78- 


wide  in  one  that  is  growing.       Of  these  cartilage  cells  about  one- 
half  the  number  are  in  the   so-called  vesicular  stage,    in  which   they 
appear  swollen  and  crov/ded,  and  present  a  form  somewhat   distorted 
from  the  globular.        The  remaining  cells  are   sorae^diat  flattened  and 
are   in  the  resting  stage. 

In  strontium- fed  animals  the  number  of  cartilage  cells  in 
the  columns  vdiich  were  in   the  vesicular  stage  v/as  greatly  increased. 
Thus  after  four  days  of  strontium  administration  the  cartilage  disk 
v/as  about  three   times  as  vdde  as  the  normal,  and  the  region  of 
vesicular  cells  was  tv/elve  to  fourteen  cells  deep.       After  seven  days 
the  region  of  vesicular  cells  was  eighteen  to   twenty-two  cells  deep 
and  the  region  of  resting  cartilage  was  eighteen   to  twenty-foxir  cells 
deep.         A  few  days  later  the  cartilage  disk  was  extremely  wide,  and 
became  very  ragged  and  uneven  on  the  diaphyseal  border.       The  cartilage 

cells  tended  to  persist,    but  underwent  metaplasia   into  osteoid.        The 


Figiire   7 


Photomicrograpli  of   the  bone   of  a  rat  v(*iich  had 
received  strontium  for  twenty-eight  days.        The  conditions 
seen  in  rit^ure  6  have  been  greatly  extended.  The 

proliferating  cartilage  disk  has  widened  enormously,   and 
the  areas  of  rnetaphysis  have  become  verj-  large.  Some 

provisional  calcification  is  seen.        The  condition  seen 
here  Is  only  slightly  less   severe  than  that    shovm  by  Figure 
4,        (The  effect  of  thirty-one  days  of   strontium  feeding). 
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result  was  that   there  were   tongues  and  many  islands  of  cartilage 
cells  extending  into  or   surrounded  by  osteoid,   and  narrow  elements 
which  intrMed  from  the  medullary  cavity  of  the   shaft  and  formed 
the   so-called  metaphysis  seen  in  riclcets  and  related  conditions  of 
bone  jjathology.        The  amount  of  osteoid   tissue  ^«*.ich  was  formed  was 
enormous.        Calcium  deposition  was  markedly  interfered     with,    but 
for  a  time    tr.ere  were   irregular  deposits  in   the  .-matrix  in  which  the 
cartilage  cells  lay  in:bedded.       This  is  the   type  of  calcitun  salt 
deposition  spoien  of  as  provisional  calcification. 

Our  feeding  period  for   strontium  covered,    in  general, 
thirty-one  days*       At   that  time   the   tongues  of  cartilage  which 
persisted  were  often  as  much  as  fifteen  to   twenty  times  as  wide 
as  the  normal  cartilage  disk.  The  cartilage   surrounding  the 

epiphysis  was  four  or  five    times  as  thick  as  the  normal.       From  the 
beginning  of  the   feeding  period   the  osteoid  progressively  increased 
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Figures  8  and  9  are  photomicrographs  of  nature 
animals  receiving  strontium  for  eleven  and  nineteen   days 
respectiveljf.       They  show  that  strontium  affects  the  mature 
bone   in  exactly  the  same  manner  but  not  '?rith  the  same  rapidity 
that   it  does  the  young  one.        The  cartilage  disk  for  the 
elevan  day  rat  has   scarcely  more   thj^in  doubled,   while   for  a 
similar  younger  one  it  had   trebled.       At  nineteen  days   the 
proliferating  cartilage  of  the  older  bone   (Figure  9)   has 
about   trebled  in  width.        Provisional   calcification  is   qiiite 
distinct;    spicules  of  normal  bone  still  remain,   and  the  marrow 
cavity  is  almost  intact.        Several  areas  of  metaphysis  are  at 
hand* 
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untll  by  the   thirty-first  day  the   trabeculae  of  bone  were 
practically  lacking  in  the  growing  region  of  the  bone.         The 
rapidity  of  the  effect  of  strontiiim  on  mature  bone   is   shown  in 
figures  8  and  9.       The  older  bone   is  not   so  quicicly  affected  as 
is  the  younger  one,   although  the  final  result    is   the   same.        We 
cannot  say  that  this  stataiient  applies  to  bones  that  have  ceased 
growing. 

Duration  of  Pathological  Changes  Produced  by  Strontium 

In  order   to   study  the  duration  of  the  lesions  produced  by 
strontium,   a  grovrp  of  yoimg  rats  which  had  received  the   low  calcium, 
strontium-containing  ration  for  thirty-one  days  were  placed  on  the 
ration  containing  an  optimal  amount  of  calcium.       These  rats  were 
then  killed  at  successive  intervals  of  two  weeks. 

Two  weeks  after  the  omission  of  strontium  and  the  provision 
of  calcium,   the  enormously  wide  proliferating  cartilage  disk  seen  In 
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the  thirty-first  day  strontium  picture  was  reduced  to  a  disk  very 
little  vdder  than  the  noriial.   A  heavy  line  of  provisional 
calcification  crossed  the  entire  width  of  the  shaft  in  a  regular 
and  normal  manner.   The  spongiosa  seen  in  the  sliaft  at  the  end  of 
thirty-one  days  of  strontium  feeding  persisted,  but  there  was 
evidence  of  resorption  and  soma  small  deposition  of  calcium.   The 
cortex  v/as  sclerotic. 

Four  weeks  after  the  cessation  of  strontium  feeding,  the 
medullary  cavity  was  clearly  delineated  and  confined  to  its  normal 
region.   Some  few  small  spicules  of  bone  were  heing  formed  in  the 
shaft.   The  cortex  still  showed  evidences  of  sclerosis  but  resorption 
was  taking  place  very  fast.   The  trabsculae  of  cartilage  in  the  growing 
part  of  the  bone  v;ere  in  orderly  arrangement  and  showed  evidence  of 
normal  bone  formation. 

Six  weeks  after  the  cessation  of  strontium  feeaing  and  the 
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provision  of  caloium,  the  bone  was  clearly  approaching  the  normal 
in  Its  structure.   The  proliferative  cartilage  border  and  the  line 
of  provisional  calcification  were  normal  in  all  respects.   Kore 
spicules  of  bone  had  been  fomed.   The  bone  was,  however,  still 
somewhat  rarified.   The  only  distinct  evidence  of  abnormality  lay 
in  the  thinness  of  these  trabeculae,  smd  in  the  cortex  which  was  still 
somewhat  sclerotic. 

After  twelve  weeks  the  spicules  of  bona  had  not  quite  reached 
the  normal  number,  but  there  were  more  of  them  than  were  seen  at  six 
weeks.   The  cortex  at  that  time,  rather  than  being  sclerotic,  presented 
a  solid  shaft  of  bone.   Dviring  this  interval,  therefore,  the  effects 
of  the  administration  of  strontium  had  been  in  a  great  measure  erased. 

Oiir  study  of  the  histology  of  the  tones  of  rats  under  the 
different  conditions  of  strontium  feeding  show  that  the  effect  of  this 
element  is  exceedingly  rapid  and  spectacular.   In  thirty  days  it 
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produces  a  condition  of  the  bone, which  in  all  its  essential 
oharacteristios, is  rachitic. 

When  the   strontiiira  is  withdrawn  from  the  diat  and  calcium 
is  substituted,    there  is  a  rapid  resolution  of  the  bone   substance, 
and  apparently  a  pronounced  deficit  of  calcixim  for  a  short  time, 
notwithstanding  the   liberal  provision  of  this  element  in  the   food. 
This  appears  to  be  the  means  adopted  by  the  body  for  getting  rid  of 
the  offending  strontium.       The  result  is  a  inarlced  osteoporosis  v^iich 
lasts  only  for  a  short  time,   for  as  soon  as  the  greater  part  of  the 
strontitim  is  eliminated,   calcification  of  the  bones  sets  in  anew, 
and  after  a  period  of  ten  weeks  from  the   ti^ie  of  relief  from  the 
administration  of  strontium  the  bones  have  been  in  great  measure 
recalcified.       Along  with  this  there  is  a  rapid  resorption  of  osteoid 
and  sclerotic   tissii©  as  the  bones  return  toward  the  normal. 

The  oheraical,   physiological,   and  histological   findings  are 
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all  in  harmony  with  this  explanation  of  the  coiirse  adopted  by 
the  anatomic  elements  of  the  osseous   tissues  when  under  the 
influence   of  the  experimental  conditions  descrited  in   this  paper. 

SUMMARY  OF  CONCLUSIONS 

1,  Strontiiira  is  deposited  in  the  hones  of  an  animal  which 
has  ingested  it.        The  maximum  amount  of  strontium  which  the  bones 
will  retain  is  about  7  to  8  per  cent.        It  may  enter   the  body  either 
through  the  alimentary  tract,   the  placenta,    or,    in  the  nursing  young, 
through  the  mi Ik.        Its  entrance  is  not   inhibited  by  the  presence  of 
calciiira  in  the  diet,  but  it  is  taken  up  by  the  bones  of  the  adult  at 
a  slower  rate   than  by  those  of  the   growing  young.        This  is  due    to 

the  fact  that   strontixun,   when  it   is  deposited  in  the  bones,    substitutes 
for  calcixim. 

2.  Strontium  has  a  specific  effect  on  the  teeth,   in  that  the 
incisors  of  the  rat  lose  their  color  xmder  the  influence  of  the  feeding 
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of  this  element,   Tlie  other  teeth  are  also  profoundly  damaged 
as  the  result  of  its  Ingestion. 

5*  Alien  strontium  is  ingested  without  a  calcium  supply 
there  follows  a  characteristic  loss  of  muscular  coordination, 
and  defects  of  locomotion. 

4.  Strontium  is  a  powerful  stimulant  for  the  cartilage 
cells  in  the  proliferative  zone  of  the  bones,  and  leads,  i^Jien 
the  diet  is  poor  in  calcium,  to  their  rapid  proliferation  and 
metaplasia  into  osteoid.   The  metaplasia  is,  however,  decidedly 
perverted,  and  many  of  the  cartilage  cells  persist,  but  lose 
their  characteristic  staining  properties. 

5,  When,  after  a  reriod  of  strontium  feeding,  in  which  the 
bones  are  made  to  retain  about  7  per  cent  of  strontium,  this 
element  is  omitted  from  the  diet,  and  calcium  is  substituted,  there 
is  a  rapid  elimination  of  both  calcium  and  strontiiim,  leading  to 
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an  osteoporotic  condition  of  the  bones.       As  soon  as   tl-je 
greater  part  of  the   strontiiam  is  gotten  rid  of,   a  rapid 
recalcification  of  the  bones  takes  place  and  the  latter  return 
within  a  few  weeks  to  an  essentially  normal  condition. 

6.       When  the  diet  contains  both  the  optimal  amount   of 
calcium,   and  an  equimolecular  amount  of  strontium,    the  calcium 
tends  markedly  to  inhibit   the  effects  of  the  strontiiun. 
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